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PART 1

HOLISM AND REDUCTIONISM IN BIOLOGY

CHAPTER 1
GENERAL INTRODUCTION
1.1

The holism-reductionism dispute

"The earth is a living organism", says Rolling Thunder1 (Boyd 1974, p. 51), "the body of a
higher individual who has a will and wants to be to well". In the view of Rolling Thunder,
every living being is a cell or an organ in the body earth. And as an organism cannot live
without organs and as an organ cannot live without an organism, so can the earth not live
without the organisms inhabiting her and so can the organisms inhabiting her not live without
the body of Mother Earth. "I can tell you that understanding begins with love and respect. It
begins with respect for the Great Spirit, and the Great Spirit is the life that is in all things all the creatures and the plants and even the rocks and the minerals. All things (..) have their
own will and their own way and their own purpose; this is what is to be respected. Such
respect is not a feeling or an attitude only. It’s a way of life. Such respect means that we
never stop realizing and never neglect to carry out our obligation to ourselves and our
environment (..): to work together to make life good for all of us, all who live upon this
Mother Earth" (Boyd 1974, p. 52, 260).
This is holism in optima forma. This holism is very comprehensive. It is an ontology, it
contains aspects of an epistemology, and, associated to this, it is an ethics. It is a way of life.
And it is, most of all, an ideology. This ideology is especially popular in circles of the New
Age Movement (for example Capra 1975, 1984; Zukav 1979; Bohm 1980; Ferguson 1980,
Sheldrake 1981, 1988, 1990; Davies 1983, 1992; Davies & Griblon 1991; Waldrop 1993).
When we put against this the following statement, which seems characteristic of (radical)
reductionism, "an organism is essentially nothing but a collection of atoms and molecules"
(Crick 1966)2, reductionism contrasts glaringly and meagrely with holism. Yet reductionism
too is a comprehensive doctrine, and in a certain sense we can say of reductionism too that
it is a way of life and that it is an ideology. This applies at least to the modern scientist. For
scientific practice can be said to be almost by definition a matter of reduction (Kuipers 1990,
p. 241). Thus, in so far as reduction is coupled to reductionism and in so far as a scientist
practices science, a scientist is almost by definition a reductionist. And as the average scientist
devotes the larger part of his life to science, reductionism can be said to make up the larger
part of a scientists’ way of life. Considering the prominent role of science in society we might
even say that reductionism is the dominant ideology of our society. And reductionism is, like
holism, comprehensive in the sense that it is an ontology (materialism, causal determinism),
an epistemology (unity of science through theory reduction) and a methodology (causal
analysis, mechanicism). It also involves a certain ethics (control, experimentation,
manipulation). In all these respects, there appears to be a contradistinction between holism
and reductionism.
This book deals with this alleged contradistinction between holism and reductionism. Its

1

At the time Boyd (1974) wrote his book, Rolling Thunder was a spiritual leader and
spokesman for the Shoshone and Cherokee Indian nations in North America.
2

This is not just anybody speaking here. Francis Crick discovered, together with James
Watson, the structure of DNA, for which they were rewarded the Nobel prize.
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purpose is to make an end to the contradistinction. I have only raised it in the above,
caricatural way for the following three reasons. Firstly, because in a way it exists. It exists
within our society in the way of, roughly, the ’holism’ of the New Age Movement versus the
’reductionism’ of (modern) science, and it exists within most scientific disciplines in the way
of so-called reduction disputes, holism-reductionism disputes or autonomism-provincialism
disputes (Rosenberg 1985; Kuipers et al. 1986). Secondly, the contradistinction regularly leads
to extraordinary fierce and rethorical polemics and controversies, both in society and within
scientific disciplines, for reasons which are to be found especially in the ontological aspects
(differences in world view, conceptions of nature) and ethical aspects (respect versus
manipulation) of both ideologies. Thirdly, and most importantly, I have raised the
contradistinction in the above way to show that in most respects it doesn’t hold wood. For
example, the fact that there are holism-reductionism disputes within most scientific disciplines
gives reason to doubt the contradistinction between ’the’ holism of the New Age Movement
and ’the’ reductionism of science. For example, the fact that holistic systems ecology is
particularly suited for, and used to the purpose of, control and manipulation of natural
resources and nature reserves (see chapter 8) gives reason to doubt the contradistinction
between ’holistic’ respect and ’reductionistic’ manipulation. For example, before we can
arrive at a synthesis (holism), we shall first have to make an analysis (reductionism). For
example, the average ethologist or behavioral ecologists spends more than sixty hours a week
at observing animals without ever hurting or injuring them in any way, which gives reason
to doubt .... etcetera. I can go on like this for a long time, which is exactly what I shall do
in this book.
I will restrict myself, however, to a considerable extent. This book deals with the alleged
contradistinction between holism and reductionism in biology (part 1) and in particular
ecology (part 2). The reasons for this restriction are threefold. In the first place it is
impossible in one book with any depth to delve into the several holism-reductionism disputes
within the various sciences and within society. In the second place I am a biologist and
ecologist myself and thus somewhat qualified in that field. And in the third place, because
of the large number of levels of organization it deals with and because of its position in the
hierarchy of sciences (see figure 1 in chapter 2), biology is particularly well suited as an arena
for holism-reductionism disputes, and resolutions of these disputes will be relevant to other
sciences as well. For in the end these disputes involve such diverse questions as: "Is a living
organism (for example, a human being) ’essentially’ nothing but a collection of atoms and
molecules or is it ’more than the sum’ of these physico-chemical parts?" "What is
’essentially’?" "What is ’more than the sum of’?" "Are diverse organisms functionally related
in ecological communities and should the latter therefore be regarded as some sort of
’superorganisms’?" "Is there a balance of nature?" "Or are ecological communities ’nothing
but’ accidental associations of organisms in space and time, which are, moreover, ever
changing in species composition?" Answers to these questions are of interest not only to
biologists and ecologists, but also to many other scientists as well as to society as a whole.
The restriction to biology does not mean, therefore, that what will appear in this book will
not be relevant to other areas of inquiry. On the contrary. I will develop the general thesis
that, instead of conflicting views of nature or of relations between sciences, holism and
reductionism should rather be seen as co-operating and mutually dependent research
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programmes3. This thesis applies not only to biology but to all sciences and to all disciplines
within sciences, whether ’natural’ or ’social’.
1.2

Division of the book

This book consists of two parts. Part 1 deals with the holism-reductionism dispute in biology
general (chapters 2 to 7), part 2 concentrates on ecology (chapters 8 to 13).
In chapter 2 I will provide an overview of holism and reductionism in biology and of the
problems to which they relate. These are so-called reduction problems, which have in
common that they pertain to part-whole relationships. It is important, however, to distinguish
between ontological, epistemological and methodological aspects of these problems.
Ontological aspects have to do with the things we assume reality (nature) to be made up of,
the attributes we assign to them, and, in particular, the (hierarchical) relations between them.
Epistemological aspects concern our knowledge of reality, the way this knowledge is laid
down in (among other things) theories, and, in particular, the relations between different
theories (research programmes, scientific disciplines) developed for different levels of
organization. Methodological aspects concern the ways of acquiring knowledge of reality and
the strategies thereby used.
From this overview it appears that there are three major ’contradistinctions’ between holism
and reductionism in biology. The first one is an alleged contradistinction between the
(holistic) doctrine of emergence and the (reductionistic) reduction-thesis, the second is an
alleged contradistinction between the need for functional explanations in biology (holism,
organicism)4 versus the requirement of causal explanations (reductionism), and the third is
an alleged contradistinction between phenomenology (’holistic’, descriptive research at the
level of the whole) and mechanicism (’reductionistic’, mechanistic research at the level of the
parts). The first contradistinction will be dealt with, and resolved, in chapter 5, the second in
chapter 7. In almost all chapters, but especially chapter 6, I will deal with, and resolve, the
third contradistinction. It is especially to this latter contradistinction that my thesis about the
co-operation of holistic and reductionistic research programmes applies. Chapter 2 ends with
a characterization of radical, moderate and anti-reductionistic research strategies in biology.
In chapters 3 and 4 I will discuss the meaning of the terms ’to reduce’ and ’reduction’ in
science. Chapter 3 deals with the reduction of laws and theories, chapter 4 with the reduction
of concepts.
In chapter 3 I will first discuss Nagel’s (1961/82) classical model of law and theory
reduction and then Kuipers’s (1990) more recent and comprehensive model. This model

3

Here and in the rest of this book I will use the term ’research programme’ in the original
sense of Lakatos (1978), that is, for a certain theory (or leading idea or concept; the hard core
of the programme) and its positive and negative heuristics. However, I will often use the
terms ’research programme’ and ’theory’ (or ’model’) more or less interchangeably, treating
them as more or less equivalent.
4

As far as I know, no one before has ever linked functional explanations explicitly with
holism, even though the link appears obvious and plausible. I will justify it in chapters 2 and
7.
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shows that there are many different types of reduction in science, depending on what sort of
auxiliary hypotheses and bridge principles are being used in a reduction in addition to the
reducing theory: approximation rules, aggregation rules, and transformation rules in the form
of correlations (causal relations) or so-called ontological identity relations. I will discuss each
of these types of reduction and the various steps of which they are composed. The type of
reduction most relevant to reduction problems in biology is ’heterogeneous micro-reduction’,
so-called because it involves (1) part-whole relationships (micro-reduction) and, therefore, an
aggregation step in which relations between parts in a whole are being aggregated, and (2)
a ’heterogeneous’ jump of language and, therefore, one or more bridge principles (or
transformation rules) to connect terms that occur in the (macro-)law or theory to be reduced,
but not in the reducing theory, with terms that do occur in the reducing (micro-)theory. These
bridge principles may be correlation hypotheses, expressing causal relations between a term
in the law or theory to be reduced and a term in the reducing theory, or ontological identity
hypotheses, expressing that some term in the law or theory to be reduced is identical to a term
in the reducing theory (for example, the term ’temperature’ in the ideal gas law is supposed
to be identical to the term ’mean kinetic energy’ in the kinetic theory of gases). This
distinction will reappear in chapter 4, as it is of importance in the reduction of concepts.
A major conclusion of chapter 3 will be that all types of reduction are kinds of explanations.
Reduction, in this sense, is an epistemological issue: it involves logical relations between
statements or systems of statements (theories). It should not be confused, therefore, with
ontological reduction in any of the ’ordinary’ senses of the word: decreasing, diminishing,
devaluating or the like.5
In chapter 4 I will show that, contrary to the claim of many philosophers, the same holds
for reductions of concepts. Concept reductions may stand on themselves but they may also
play a role in one particular type of law or theory reduction, namely identificatory reduction
or reduction with an identification step. In this step an ontological identity hypothesis is being
used stating that some term (concept) occurring in the law or theory to be reduced, but not
employed by the reducing theory, is identical to some term (concept) in the reducing theory
(see the above example). The status of ontological identity relations, and hence of concept
reductions, is highly controversial, however. In particular, it is unclear whether and in what
sense they are different from causal relations. Also, because they involve ontological identity
relations, several writers have claimed that concept reductions imply some form of ontological
reduction. Some have even claimed that they make for cases of micro-reduction, that is,
involve part-whole relationships or relations between a macro-level and a micro-level. My
chief purpose in chapter 4 will be to show that these are grave misunderstandings. I will argue
that concept reductions cannot be micro-reductions if they are to involve ontological identity
relations, and I will argue that reduction of concepts is, like law or theory reduction, an
epistemological issue, not an ontological one: it does not mean or imply in any sense that
ontologies (objects or attributes of objects) are being reduced.

5

A classical complaint from holistic side is: "You cannot just simply reduce an organism
to a sack of molecules!". The moral indignation expressed in this complaint seems to stem
from the fact that one thinks reduction in science means ontological reduction in one of these
ordinary senses of the term ’reduction’ (such as in sales reductions), where whatever is
reduced is made less or less worth.
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In chapter 5 I will discuss the first of the alleged contradistinctions between holism and
reductionism in biology, to wit the one between the doctrine of emergence and the reduction
thesis. As is well known, the central claim of holism is the thesis that ’the whole is more than
the sum of its parts’. In the particular form of emergentism, this means that a whole has socalled ’emergent’ properties which the component parts do not possess (neither separately nor
in sum) and which, therefore (supposedly), cannot be reduced to properties of these parts.
This claim is vague and open to several different interpretations (see Nagel 1961/82, pp. 366397), but I will show that if interpreted in a certain plausible way, it can be seen as a valid
ontological thesis. In that sense, however, the thesis applies not only to biological wholes, but
to any wholes, biological as well as physico-chemical ones. Also, I will show that in this
sense the thesis in no way contradicts the reduction thesis. For many properties of wholes,
which on the grounds of this thesis may be called emergent, have proved to be explainable
in terms of micro-theories about the component parts and appropriate bridge principles. Again,
however, it is important to realize that reduction is an epistemological issue, whereas
emergence is an ontological one. Reduction is a kind of explanation and as such has nothing
to do with in any way ontologically reducing ’wholes’ or ’emergent properties’ of wholes.
The conclusion following from this discussion is that, though a valid ontological thesis, the
(epistemological) irreducibility claim attached to the emergence thesis must be abandoned.
Next, using Kuipers’s (1990) reduction model, I will show that it depends on the type of
reduction whether we can speak of emergent properties at the level of a whole, and I will
develop a new definition which expresses emergence in terms of the reduction-steps that may
occur in actual reductions. This will lead to two remarkable conclusions: firstly, ’emergence’
may be seen as the opposite of ’ontological identity’, and, secondly, there would be no reason
for us to even think of reduction if there were no emergence (that is, emergent properties or
emergent entities). Finally, using both Kuipers’s (1990) reduction model and Zandvoort’s
(1986) model of co-operating research programmes, I will develop my thesis that holism and
reductionism should rather be seen as mutually dependent and co-operating research
programmes than as contradictory views of nature or of relations between sciences. As
mentioned, the type of reduction most relevant to reduction problems in biology is
heterogeneous micro-reduction. This type of reduction requires three ingredients: (1) a macrolaw or theory (at the level of the whole); (2) a micro-theory (about the component parts); and
(3) aggregation hypotheses and bridge principles connecting the two. Thus, it requires both
holistic research at the level of the whole and reductionistic research at the level of the parts,
as well as what we might call a mixed strategy directed at the relations between the two
levels. In terms of Zandvoort’s model, this means that holistic research programmes may be
seen as guide programmes and reductionistic programmes as supply programmes. Holistic
programmes play an important role in science as guide programmes for reductionistic
programmes, because they provide macro-laws or theories at the level of the whole, which,
however, for lack of the appropriate means, they themselves cannot explain. For these
explanations, they depend on the fruits of reductionistic programmes. If these latter
programmes succeed in providing the explanations (reducing the macro-laws or theories), they
act as supply programmes for the holistic guide programmes. Reductionistic programmes
depend on holistic programmes, however, for providing the macro-laws or theories to be
reduced.
In chapter 6 I will illustrate my thesis with an example from animal physiology (a discipline
which is eminently involved with the ’essence’ of life). The example concerns the reduction
17
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of the so-called Bohr-effect, a law about the rate at which oxygen is taken up and released
by the blood. I will show that this law has been reduced to the theory of allostery (a theory
of molecular biology), applied to hemoglobin molecules in red blood cells, and that this
particular application of the theory of allostery has been reduced to the theory of chemical
bonding (a theory of physical chemistry). This reduction, which involves four levels of
organization, was accomplished through the co-operation of at least six research programmes
and the relations between these programmes can all be characterized in terms of the mutual
dependence of holistic guide programmes and reductionistic supply programmes. Also, it is
possible to specify exactly, in terms of the reduction steps occurring in the example, at which
level of organization emergent properties or emergent phenomena occur. Finally, however,
the example also makes clear that a certain research programme can act both as a
’reductionistic’ supply programme for a ’higher’ guide programme and as a ’holistic’ guide
programme for a ’lower’ supply programme. This means that the terms ’holistic’ and
’reductionistic’ are extremely relative and should always be related to a certain level of
organization.
In chapter 7 I will discuss the structure and status of functional explanations in biology.
Functional explanations are the prototype of the holistic claim that in order to understand a
given level of organization one should not (only) study the lower levels but (also) that level
itself as well as its relations with higher levels. That is, one should study the roles or
functions of parts in wholes. Functional explanations abound and appear to be indispensable
in biology. Because of their aberrant (supposedly non-causal) structure, they provide holists
with a strong argument in favour of biology’s autonomy with respect to physics and
chemistry. Reductionists, on the other hand, argue that functional explanations are illegitimate
pseudo-explanations and that they should be replaced by causal explanations, thus allowing
biology to be reduced to physico-chemistry. I will argue, firstly, that functional explanations
are perfectly legitimate explanations and that in a certain way they can be reconstrued as
’standard’ causal, deductive-nomological explanations. Secondly, I will argue that functional
explanations are indeed indispensable in biology, because they are necessary components of
more comprehensive causal-evolutionary explanations. For precisely that reason, however,
they are not in contradiction with causal explanations (or with the principle of causal
determinism) and therefore do not provide any obstacle to reduction of higher to lower level
theories. On the contrary, they contribute to such reductions. I will show that in the context
of functional explanations too, we can speak of the co-operation and mutual dependence of
’holistic’ guide programmes and ’reductionistic’ supply programmes.
In part 2 I will apply my thesis to the reduction problem and the associated holismreductionism dispute in ecology. Ecology spans at least four levels of organization, namely
individual organisms, populations, communities and ecosystems, and between each of these
levels reduction problems occur. I will show that here too, the solution to these problems lies
with the co-operation of ’holistic’ and ’reductionistic’ research programmes.
In chapter 8 I will provide an overview of the issues and positions at stake. As in the rest
of biology, in ecology there also appear to be several different positions or approaches, which
can be characterized as more or less radically holistic or reductionistic. In the radically
holistic approach, communities and ecosystems are regarded as a kind of ’superorganisms’
exhibiting all sorts of properties of ’real’ organisms, such as the capacity for self-regulation
by means of various feedback mechanisms, analogous to the physiological mechanisms that
maintain homeostasis in organisms, and the development (succession) from a young to an old
18
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or mature, stable end-phase, called the climax, analogous to the ontogenetic development of
organisms. In the radically reductionistic approach, all this is being denied and even the
existence of communities and ecosystems as distinctive ontological entities is being disputed.
In this approach, communities and ecosystems are seen as nothing but accidental and,
moreover, ever changing collections of species, which can be fully explained in terms of
individual species’ adaptations to local environmental conditions. A common moderate
approach is that communities and ecosystems do exist as ’real’ entities having their own,
emergent properties (such as diversity, productivity and a certain stability or resilience), which
can be explained, however, through interactions between species, such as competition and
predation.6
Thus, the ontological status of communities and ecosystems is highly controversial and it
is understandable that discussions on the subject are heated and full of polemics. However,
concrete solutions to reduction problems are very much frustrated thereby. For as it happens,
not a single general law or theory about communities and ecosystems has yet been developed,
on which even the slightest degree of agreement exists, and even adequate, well articulated
conceptual theories appear to be lacking.7 In this connection, there is even talk of the
’intellectual immaturity’ (Fretwell 1981; MacIntosh 1985) or the ’anomalous status’ (Hagen
1989) of ecology. Though this is going a bit too far in my view, because ecology actually
happens to be very rich (maybe even a bit too rich) in concepts, hypotheses, models and
theories, it does seem a fact that general, well corroborated laws and theories about higher
levels of organization are still lacking, while on lower levels (individuals, populations,
species) they remain scarce (see chapters 10 and 11).
Of a number of possible causes I will lift out two, which appear most conspicuous, and
which lend themselves to philosophical (conceptual) analysis and clarification. The first one
is the ambiguity of many terms which are central to ecology. It appears that such core terms
as environment, habitat, niche, diversity and stability, and also community and ecosystem, are
being used in multiple and often disparate and incompatible ways, that is, for various different
concepts. This ambiguity alone seems to be sufficient for the lack of ’general’ laws and
theories. This is the subject of chapters 9 and 10.
The second factor is the holism-reductionism dispute. I will argue that the dispute has a
strong inhibitory effect on the growth of knowledge (theory development and maturation,
among other things), because it regularly leads to fruitless yet time consuming polemics and
controversies (see also Hagen 1989). This is the subject of chapter 13, where I will discuss
one such fruitless controversy concerning the role of interspecific competition versus ’chance’
in structuring ecological communities (see below).
In chapter 9 I will discuss the ambiguity of the term ’(ecological) community’. I will show
that this term is being used for a large number of different concepts, for different entities at
various levels of organisation. After a conceptual analysis and clarification of these concepts,
I will develop a new definition of the term which, contrary to former definitions, seems

6

Similar positions exist (or existed) with respect to populations, leading to similar
controversies (see chapter 8).
7

As a result, of course, neither are there reductions of laws or theories about communities
and ecosystems.
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theoretically adequate and is at least unambiguous. The crucial difference is that according
to former definitions, communities are to be regarded as groups of populations of different
species, whereas in my view they should be defined as groups of individuals of different
species. As it happens, my definition will prove to have two extremely interesting and
positive ’side-effects’. For it appears to provide (theoretical) solutions to two of the most
notorious problems in community ecology, to wit the boundary problem and the problem of
heterogeneity. The former problem consists of the fact that populations of different species
rarely if ever occupy exactly the same area in a landscape, but mostly occur in different, more
or less strongly overlapping areas. As a result, different communities, defined as groups of
populations, gradually flow into one another, whence the boundaries between them are vague.
This is a problem, of course, because it hampers adequate descriptions of the structure
(species number and composition) of communities. The problem of heterogeneity originates
from the same cause: because different populations generally occupy different areas in a
landscape, the species composition in different sub-areas of the total area occupied by a
community, again defined as a group of populations, generally differs, whence communities
are (spatially) heterogeneous in species composition. This is a problem, because the
occurrence of general laws appears to be related to homogeneous entities. I will show that
both problems can be resolved by defining communities as particular sets of individuals of
different species.
In chapter 10 I will analyze and clarify two other major ecological concepts, namely
’habitat’ and ’niche’. The term ’habitat’ plays a major role in ecology through the ’theory’
of habitat selection and the ’principle’ of habitat differentiation. Both relate to spatial
separation of species resulting from differences in resource requirements and/or environmental
tolerances. The term ’niche’ plays an important role through modern niche theory (a theory
about resource exploitation by species; see chapter 11) and through the ’principle’ of niche
differentiation (leading to differences in resource exploitation between competing species).
While habitat differentiation leads to spatial separation (non-coexistence) of species, niche
differentiation is considered to be a mechanism of coexistence. Both ’principles’ play an
important role in explanations of the structure (species number and composition) of
communities.
However, there is considerable confusion about habitat and niche differentiation and this
confusion results from confusion about the meanings of the terms ’habitat’ and ’niche’.
Conceptual analysis of the ecological literature reveals that there are at least four different
habitat concepts and as many niche concepts, the additional complication being that two of
these habitat concepts correspond to two of these niche concepts, whence the distinction
between habitat and niche is blurred. Several of these concepts appear to correspond,
moreover, to different concepts of environment, as well as to different concepts of biotope.
Needless to say that this confusion is devastating to theory maturation, and especially modern
niche theory is seriously suffering from it (even to the point where many have come to reject
the term niche as useless). My purpose in chapter 10 is to disentangle all these different
concepts and to supply each of them (in so far as I see fit) with a suitable term. In doing so,
I will keep a close eye to commonly accepted opinions about habitat and niche differentiation.
After all this preparatory work I will finally be able to apply my thesis about the mutual
dependence of holistic and reductionistic research programmes to ecology. In chapter 11 I will
do so by discussing a concrete, though not yet fully recognized, example of successful
reduction in ecology: the reduction of the Lotka/Volterra competition model to modern niche
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theory (Glasser & Price 1982; Tilman 1982). The Lotka/Volterra model is a phenomenological
(holistic) model: it describes the possible effects of competition between species (in terms of
coexistence or local extinction). In being a phenomenological model, the Lotka/Volterra
model calls for a deeper explanation of its assumptions and predictions, and, hence, plays the
role of a holistic guide programme. The deeper explanation is provided by modern niche
theory. This is a mechanistic theory: it specifies both the objects of competition (resources)
and a mechanism (exploitation of resources by different species). Because modern niche
theory reduces the Lotka/Volterra competition model, it plays the role of a reductionistic
(reductive) supply programme. Incidentally, the type of reduction shows that one cannot speak
of emergence at the level of the Lotka/Volterra model.
In chapter 12 I will discuss another example of co-operation of holistic and reductionistic
research programmes in ecology, involving a case of idealization and concretization and,
hence, approximative reduction (see chapter 3). The example comes from island
biogeography, a branch of ecology directed at the distribution and abundance of species on
islands. This branch went through a phase of rapid development in the nineteen sixties and
seventies, after MacArthur and Wilson (1963, 1967) had published their equilibrium theory
of island biogeography. Before that time, island biogeography consisted mainly of a large
collection of facts (records) which were largely unrelated to one another and in which only
a few regularities were observed. MacArthur and Wilson presented a simple, holistic model
which not only explained these regularities but also lead to a number of new predictions.
After a phase in which the model was tested, it appeared to be a bit too simple, however, and
research shifted to analyses of the causal factors that might underlie (the parameters of) the
model. I will show that these developments can be described very well in terms of the model
of idealization and concretization (Krajewski 1977; Nowak 1980), where MacArthur and
Wilson’s theory appears as an idealization which subsequent research programmes have
concretized (see also Haila & Jarvinen 1980). Because these concretizations have a reductive
(be it approximative, that is, non-deductive) character, we can see in this structure of
idealization and concretization also a form of co-operation of holistic and reductionistic
research programmes. The example is interesting not only from the point of view of ecology
but also from the point of view of philosophy, because it shows that the model of idealization
and concretization applies not only to developments within research programmes, as has been
thought so far, but also to developments between research programmes.
In chapter 13, finally, I will provide an example of the inhibitory effect which holismreductionism disputes may have on the growth of knowledge. The example concerns a
controversy in island biogeography between two of the research programmes that are involved
in concretizations of MacArthur and Wilson’s equilibrium theory. The one programme is
moderately reductionistic, but also has a few holistic characteristics: it assumes that
communities are stable, integrated entities whose structure results from strictly deterministic
’assembly rules’, but it takes the integrating factor underlying these rules to be interspecific
competition. The other programme is radically reductionistic: it assumes that so-called
communities are nothing but random associations of species, which can be explained fully in
terms of random colonization of islands by species, given some characteristics of individual
species and islands. The controversy has lasted for about ten years (a long time considering
ecology’s existence as a science), appears to have bled to death rather than to have been
resolved, and has produced nothing new. The major ’result’ of the controversy seems to be
that the radical elements of both programmes have been eliminated. This, and what is left
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over, is in complete agreement with my thesis about the co-operation of holistic and
reductionistic research programmes: the structure of the investigated communities appears to
be significantly non-random (implicating a role for holistic programmes in studying them),
but it can be largely explained reductively in terms of autecological relations between species
and environmental conditions (the radical reductionistic approach) while a small part of it
could be the result of interspecific competition (the moderate approach).
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CHAPTER 2
HOLISM AND REDUCTIONISM IN BIOLOGY
2.1

Introduction

"An organism is essentially nothing but a complex set of atoms and molecules". "You cannot
just simply reduce an organism to a sack of molecules!"
These two statements form a terse expression of the contradistinction between holism and
reductionism in biology. They express different aspects of the contradistinction, and they
express several of the confusions and misunderstandings to which the contradistinction is
subjected. They raise many questions. For instance, if an organism is nothing but a set of
atoms and molecules, what then is the difference between a living organism and a dead one?
What is ’essentially’? What is ’reduce’? Is reduction in science an ontological issue (reduction
as diminishing or lowering, such as in sales reduction) or an epistemological issue (reduction
as a kind of explanation)? The moral indignation expressed by the second statement suggests
that one has in mind, incorrectly as I will argue, ontological rather than epistemological
reduction. Apart from that, there are methodological questions. For instance, what should we
do in order to ’reduce’ an organism to a set of atoms and molecules, or, conversely, what
should we not do to an organism in order to understand its being and functioning? Even more
interesting is the question what we should do to atoms and molecules in order to ’holismize’
them to organisms.
The questions and problems to which the holism-reductionism dispute pertains are known
as reduction problems. These problems relate on the one hand to different levels of
organization in nature and to the hierarchical (part-whole) relationships between them, and
on the other hand to the hierarchical relationships (whether alleged or not) between scientific
disciplines (see figure 1). Thus, the statement that an organism can be ’reduced’ to a
collection of atoms and molecules expresses on the one hand something about the ontological,
part-whole, relationships between atoms, molecules and organisms and on the other hand
something about the epistemological relationships between (a) biology and (b) physics and/or
chemistry: the former is assumed to be reducible to the latter. On the other side, the statement
that an organism cannot be ’reduced’ to a collection of atoms and molecules suggests on the
one hand that an organism is ’more than’ just a collection of atoms and molecules (for
example, it is, among other things, also a collection of cells, tissues and organs) and on the
other hand that biology is autonomous with respect to physics and chemistry. These
differences in point of view have important consequences with respect to the methodology
of research programmes as well: while from the one point of view (reductionism, be it in a
moderate form; see below) a more or less strong form of co-operation between biological and
physico-chemical research programmes may be pursued, such co-operation may be dismissed
from the point of view (radical) holism.
In this book, I will make a strong plea for the importance of holism in biology, but an even
stronger plea for the co-operation of holistic and reductionistic research programmes, both
within biology and among biology and physico-chemistry. In this chapter I will start by
discussing the hierarchical structure of nature that underlies the reduction problem and hence
the holism-reductionism dispute in biology. After that, I will provide an overview of the
issues at stake and of the various, holistic and reductionistic positions taken with respect to
those issues.
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2.2

The reduction problem in biology

There are several ways in which the reduction problem in biology can be formulated. One
way is by asking the following questions. Are the properties and other attributes of living
creatures, their morphology, physiology, behaviour and ecology, totally independent of the
physico-chemical parts of which they are composed? Is life, or the complex of properties and
processes we call life, ’emergent’ with respect to inorganic matter? Or are the morphology,
physiology, behaviour and ecology of organisms in some, undoubtedly complex way being
determined by structures of molecular and macro-molecular kind?
Another way of formulating the problem is by asking whether the concepts, laws and
theories that have been developed for some higher level of organization in biology (for
instance, the level of organisms) can be explained by theories that have been developed for
some lower level of organization (for instance, the level of organs, tissues or cells, or of the
macro-molecules of which they are composed). Put differently, can theories about the ’whole’
be reduced to theories about their component parts? And if so, does this mean that eventually
all biological concepts, laws and theories can be reduced to physico-chemical ones?
While in the former series of questions the emphasis lies with ontological aspects of the
problem, in the latter series it lies with epistemological aspects. The former pertain to
relations between different levels of organization in nature, the latter to relations between
scientific disciplines. Both are founded upon the hierarchical structure of nature.
2.2.1

The hierarchical structure of nature

In the left-hand side of figure 1 I have pictured the ’classical’ hierarchy of levels of
organization in nature, which is usually presented in this context. In the right-hand side I have
put various scientific disciplines which are more or less associated with a certain level of
organization. This part of the figure is neither exhaustive nor fully adequate (for instance,
genetics spans all levels from macro-molecules up to populations), but only meant to provide
a rough indication of the positions of various disciplines.
In the left-hand side of the figure, the level of organization, and hence the degree of
complexity, increases from low to high. At the basis of the hierarchy we find what are
presently considered to be the most ’fundamental’ ’building blocks’ of nature (or of reality):
the various quantum particles.8 Next come sub-atomic particles, then atoms, molecules and
macro-molecules, the domains of classical chemistry, and finally the various domains of
biology (including ecology): organelles, cells, tissues, organs, organisms, populations,
communities, ecosystems and, at the top of the hierarchy (as far as biology is concerned),
nature as a whole: the biosphere. (One may include astronomical levels of organization in this
hierarchy but these are of no interest in this book.)
The core idea of this hierarchy is that the entities of higher levels of organization are

8

Considering the erratic nature and behaviour of these particles, as presented by modern
physics, the term ’building block’ seems hardly appropriate any more. In fact, the whole idea
of physical ’building blocks’ has become controversial, for which reason there is presently
also a holism-reductionism dispute in physics (Bohm 1980; Davies 1983; Stavenga 1986; see
also Capra 1975; Zukav 1979; but also Stenger 1995).
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biosphere
↑
ecosystems
↑
communities
↑
populations
↑
organisms
↑
organs
↑
tissues
↑
cells
↑
organelles
↑
macro-molecules
↑
molecules
↑
atoms
↑
sub-atomic particles
↑
quantum particles

global ecology, macro-economics
↓
systems ecology
↓
community ecology
↓
evolutionary biology, sociology
↓
autecology, psychology, micro-economics
↓
anatomy, morphology
↓
histology
↓
embryology
↓
cell biology, genetics
↓
(bio)chemistry, molecular biology
↓
organic chemistry, thermodynamics
↓
classicle particle mechanics
↓
physical chemistry
↓
quantum mechanics

Figure 1: Classical hierarchy of levels of organization in nature, and the associated hierarchy
of scientific disciplines.
comprised (exclusively) of entities of lower levels, or conversely, that the entities of lower
levels form the (exclusive) components or ’building blocks’ of entities of higher levels. Put
differently, the entities of higher levels are considered to be ’wholes’ which consist of entities
of lower levels, the component ’parts’. Thus, between lower and higher levels of organization
there are supposed to be ’exhaustive’ part-whole relationships. From this hierarchy it becomes
immediately apparent that there is not just one reduction problem, but that there are many:
between each higher and lower level there is in fact a reduction problem.
In the right-hand side of figure 1 the degree of specificity increases from low to high: at the
basis of the hierarchy we find (various disciplines of) physics, which is supposed to be the
most ’fundamental’ (but see note 8) and universal of all sciences applying to all levels of
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organizations and to all domains of reality9; next comes chemistry, applying to (sub-)atomic,
molecular and macro-molecular levels of organization, but also to all higher levels10; then
follows biology, encompassing all levels from macro-molecules (molecular biology, molecular
genetics) to the biosphere as a whole (global ecology); and at the top of the hierarchy we find
the most specific sciences, the human sciences. The latter may be placed at the levels of
individual organisms (psychology, micro-economics), populations (sociology) and the
biosphere as a whole (macro-economics). However, they are considered the most specific
disciplines, because they deal only with our own species, or, as in the case of economics, with
our own species in relation to other species and the abiotic world.11
2.2.2

Complex hierarchy

Although this hierarchy may seem, according to present insights, broadly adequate, it is in
many respects incorrect or incomplete.
In the first place, although ’higher’ (complex, multi-cellular) organisms are composed of
organs, organs of tissues and tissues of cells, there are also organisms that consist of only one
cell (bacteria and some algae) or of only a group of cells (other algae and some fungi),
without having a further structure of tissues and/or organs. There are also ’organisms’ that
don’t even have a cellular structure (viruses). Thus, in figure 1 there should also be a direct
line from cells to populations (in so far as these organisms form populations, otherwise the
hierarchy ends at this level).
In the second place, there is not a simple hierarchical relationship between organelles and
cells. For cells are composed not only of organelles, but also of a cell-wall and cell-plasm.
Thus, as the latter are comprised of (complex chains of various types of) macro-molecules,
there should be lines from macro-molecules to both organelles, cell walls and cell plasm and
there should be lines from these three main components of cells to cells.
In the third place, neither is there a simple hierarchical relationship between, respectively,
organisms and organs, organs and tissues, and tissues and cells. For many ’higher’ organisms,
such as mammals, are composed not only of organs (which are composed of tissues, which
are composed of cells), but also of many tissues that do not make up any organ, and of many

9

Ranging from the domains of quantum mechanics and quantum electrodynamics to those
of celestial mechanics and the general theory of relativity.
10

With the arrival of quantum chemistry the distinction between physics and chemistry
according to levels of organization or domains of reality, does not seem appropriate any more,
except for the domains of celestial mechanics and relativity theory.
11

One could call macro-economics the systems ecology or the global ecology of humans
(regarding the entire biosphere as an ecosystem), sociology the population ecology of humans,
and micro-economics the autecology of humans. In that sense, one could view these human
sciences as specific applications of the respective ecological disciplines but they are, of
course, more than that, which is why there are reduction problems in these higher sciences
too. The same applies to psychology, which could be called the biology of humans but is
more than just biology, which is why there is a reduction problem in psychology as well.
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cells that do not make up any tissue. Therefore, there should also be lines from both cells and
tissues to organisms.
In the fourth place, pending definitions of the terms ’ecosystem’ and ’community’ (see
chapters 8 and 9), the same applies to communities and ecosystems. That is, there is also no
simple hierarchical relationship between, respectively, ecosystems and communities, and
communities and populations. For, apart from their abiotic components (see below),
ecosystems may be composed not only of communities (groups of organisms of different
species of plants, animals or micro-organisms), but also of individual organisms (of different
species) and of parts or products of individual organisms (leaves, seeds, fruits, faeces). This
can be best seen by imagining two actual ecosystems, for instance a grassland ecosystem and
a forest ecosystem, occurring next to each other in a landscape. In the grassland ecosystem,
communities (of plants, animals or micro-organisms) may occur that do not occur in the forest
ecosystem and vice versa. But there may also be species occurring in both ecosystems, such
as certain plants or shrubs occurring at the border of both systems, deer or rabbits foraging
in both systems, birds flying to and fro, etcetera. Also, several parts or products (leaves,
seeds) of organisms belonging to the forest system, but not to the grassland system, may
happen to be dropped in the grassland system, and vice versa. This means that both
communities and populations and individual organisms may be ’split up’ into parts belonging
to the grassland ecosystem and parts belonging to the forest ecosystem. And that in turn
means that ecosystems may be composed of either communities, populations and individual
organisms of different species or parts of communities, populations and individual organisms
of different species. Thus, the hierarchical structure of ecosystems is a lot more complicated
than is assumed by the simple picture of figure 1. The same applies to communities, but as
that is the subject of chapter 9, I will not discuss it here.
In the fifth place, the entire abiotic, macroscopic world is left out of account in figure 1. In
this respect, one should think of the abiotic components of ecosystems (soil, air, water, also
making up significant parts of the environments of organisms) as well as the abiotic world
of human artefacts (which may actually also be seen as abiotic components of ecosystems).
Thus, some bifurcations should be added to figure 1 at the physico-chemical levels of
organization (atoms, molecules and perhaps macro-molecules) leading to the organic world
on the one side and to the inorganic or abiotic world on the other side, and these bifurcations
should come together again at the top of the hierarchy, at the level of ecosystems.
Thus, the hierarchical organization of nature (or reality) is not as simple as shown in figure
1. This figure is adequate only in so far as it represents different levels of organization, but
when it comes to part-whole relationships the hierarchy is a lot more complicated. Although
this does not seem to have dramatic consequences for the relations between sciences (which
are complex anyway), it does mean that reduction relations (involving part-whole
relationships) are considerably more complicated as well. In figure 2 I suggest a new, more
complex hierarchy taking the above considerations into account.
2.3

Epistemological aspects of the problem

In dealing with reduction problems, it is extremely important to distinguish between
ontological, epistemological and methodological aspects of these problems.
Ontological aspects relate to the question of what entities, things or substances reality
(nature) is assumed to be made up of, what properties are assigned to these things or entities
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Figure 2: More complex hierarchical structure of nature.
and what relations and functions are assumed to exist between them. Epistemological aspects
pertain to our knowledge of reality, to the way this knowledge is embodied in (among other
things) theories, and to the logical relations between theories. In particular, they pertain to
relations between theories that have been developed for different domains of reality or for
different levels of organization. Methodological aspects relate to the ways of acquiring
knowledge and to the principles, rules and strategies thereby used. In particular, they relate
to the question whether, in order to arrive at a ’proper’ knowledge or understanding of a
certain level of organization (the level of the whole), we should study the underlying lower
levels of organizations (the component parts and interactions between them) or the higher
level itself, or possibly its relationships to even higher levels. I will start by discussing
epistemological aspects of the problem.
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2.3.1

Reduction and the unity of science

The clearest difference between holists and reductionists in biology appears to exist with
respect to epistemological aspects of reduction problems. Reductionism, in its extreme or
radical form, is the claim that it is possible, if not in practice then in principle, to reduce all
the concepts, laws and theories that have been developed for a certain higher level of
organization to concepts or theories that have been developed for (a) lower level(s) of
organization. Thus, it should be possible, eventually, to reduce biology as a whole to
chemistry (and chemistry to physics).
Reductionists share a certain view of the relations between sciences which is known as the
unity of science (Oppenheim & Putnam 1958; Causey 1977). This is the view that there are
no fundamental, qualitative differences between the various sciences, neither in the objects
of investigation nor in the aims and methods of inquiry, and that the various sciences can be
ranked according to their domains of investigation in a hierarchy going from the most general
and ’fundamental’ science (physics) to the highest, most specific ones (the humanities), as
pictured, roughly, by figure 1. According to the reduction thesis, the specific concepts, laws
and theories of the higher sciences can eventually all be reduced, step by step, to the
fundamental theories of physics (see, amongst others, Nagel 1961/82; Smart 1963; Hempel
1965, 1967, Schaffner 1967, 1976, 1993).
2.3.2

Autonomism versus provincialism

Holists, at the other side, maintain that it is impossible, in principle, to reduce theories about
higher levels of organization in biology to theories about lower, physico-chemical levels. Put
differently, they claim that it is impossible to reduce theories about biological wholes to
theories about their physico-chemical parts. Consequently, they maintain that it is impossible
to reduce biology as a whole to physico-chemistry. It is particularly in this respect that holists
are anti-reductionists (see, amongst others, Ayala 1968, 1974; Beckner 1968, 1974; Polanyi
1968; Campbell 1974; Dobzhansky 1974; Shapere 1974a,b; Thorpe 1974; Mayr 1982, 1988;
see also Ruse 1973; Hull 1974; Rosenberg 1985). Holists are also called autonomists
(Rosenberg 1985), because they defend biology’s autonomy with respect to physics and
chemistry. In that sense, they don’t care about the unity of science. Reductionists, on the other
side, are also called provincialists (Rosenberg 1985), as they consider biology to be, like
chemistry (as well as any other science), a special branch, or province, of physics.
Not surprisingly, outspoken reductionists in biology are molecular biologists, such as Francis
Crick (1966) who, together with James Watson, discovered the structure of DNA-molecules,
and Jacques Monod (1971, 1974) who became famous for the development (by him and his
colleagues) of the theory of allostery (Monod et al. 1963), a theory about the catalytic
properties of enzymes and certain other proteins (see chapter 6), and for the development of
the operon theory, a theory about certain interactions between small pieces of DNA within
a single chromosome. Prominent holists or autonomists in biology are the evolutionary
biologists George Simpson (1964), Francisco Ayala (1968, 1974), Theodosius Dobzhansky
(1974) and Ernst Mayr (1982, 1988), and the ethologist Jeremy Thorpe (1974). An
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enthusiastic supporter of holism in exoteric12 circles of biology is the publicist Arthur
Koestler (1967, 1980; see also Koestler & Smythies 1969). And finally Johannes Smuts
(1927) should be mentioned. Smuts had professionally nothing to do with biology (he was a
general of the South African army), but he was obviously interested in biology and other
natural sciences. His book, entitled "Holism and evolution", shows a considerable knowledge
of the biology, and also the chemistry and physics, of the time. Smuts invented the term
’holism’.
2.4

Ontological aspects

The claims that it is either possible or impossible, ’in principle’, to reduce concepts, laws or
theories about higher levels of organization to concepts or theories about lower levels, seem
in themselves rather unfounded. Even stronger, the claim that it is possible to reduce the
whole of biology to physico-chemistry seems at first sight to be a most implausible if not
preposterous claim. On the other hand, given the enormous successes of biochemistry and
molecular biology, the autonomy thesis of holists doesn’t seem to be very plausible either.
The question arises, therefore, what arguments both parties have to support their claims. These
arguments appear to be partly ontological or metaphysical, and partly methodological. I will
start with ontological or metaphysical arguments.
2.4.1

Materialism and causal determinism

As far as ontological or metaphysical arguments are concerned, there are great differences
between holists and reductionists, but also important points of agreement. As to points of
agreement, most biologists, reductionists and holists alike, are in the first place materialists.
That is, they assume that nature is entirely and exclusively made up of ’material’ substances
and forces, where ’material’ is meant in the sense of modern physics. Thus, the hierarchical
structure of nature (figure 1) forms in itself, probably even given its complications (figure 2),
no source of disagreement between holists and reductionists. Both are of the opinion that
entities of higher levels of organization are complex composites of entities of lower levels.
In the second place, both holists and reductionists are causal determinists in the sense of
the (metaphysical) principle of causal determinism. According to this principle, everything in
nature has a cause (either single or multiple factored) and there are only so-called efficient
causes, that is, causes preceding their effects (as opposed to final causes that follow, in time,
after their supposed effects). This principle is being subscribed to by all modern biologists,
including holists or autonomists (see Simpson 1964; Ayala 1970; Mayr 1961, 1982, 1988).
Still, there appear to be two major points of disagreement between holists and reductionists,
which are associated with the principle of causal determinism. Firstly, the principle lies at the
heart of the dispute about the role of functional explanations (holism) versus causal

12

There seems to be some misunderstanding about the meaning of the words ’exoteric’
and ’esoteric’. I use them in the sense of Fleck (1979), that is, for, respectively, not working
within or belonging to a particular discipline, and working within or belonging to a particular
discipline. ’Exoteric’ has nothing to do with ’exotic’, therefore, and ’esoteric’ has nothing to
do with ’secret’ or ’spiritual’.
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explanations (reductionism) in biology, because the former are being (unjustly) associated
with the occurrence of final causes. Secondly, holists and reductionists appear to disagree
about the way in which the principle works: whereas reductionists emphasize the causal
influences exerted by the parts on the whole, holists maintain that in biology there are also
important causal influences exerted by the whole on its component parts. I will return to both
points later.
2.4.2

Vitalism versus constitutive reductionism

The agreement on materialism means that, in the first place, holism should not be confused
with a former doctrine in biology, to wit vitalism. Vitalists claimed that animate nature is
different from inanimate nature in that there is a non-material force operative in living beings
which they called vital force, élan vital (Bergson 1911) or Entelechie (Driesch 1909). One
particularly well-known vitalist was Hans Driesch (1909, 1914, 1927) who became famous
for his experiments on sea-urchin eggs and who claimed he was able to explain the embryonic
development of these eggs by the directive operation of a vital force. I will not extend on this,
because vitalism is practically a dead issue in biology today. Once in a while certain ideas
or theories emerge that bear a certain resemblance to vitalism, such as Sheldrake’s (1981)
theory of morphogenetic fields, but these happen not to be taken seriously by the majority of
other biologists. The major reason for its bankruptcy seems to be that vitalism has not been
able to provide heuristics for empirical research. It has not been possible to empirically test
the operation of a vital force. Also, biologists have been able to provide materialistic
explanations for many of the phenomena which vitalists claimed needed a vitalistic
explanation (see also Mayr 1982, p. 52). For these and other reasons, biologists have come
to develop a great resistance against, if not aversion to, any idea of a non-material force,
entelechie or ’soul’ which would distinguish animate nature from inanimate nature.13
The agreement on materialism means in the second place that both reductionists and holists
are, in the terminology of Mayr (1982), constitutive reductionists: both assume that entities
of higher levels of organization are composed of entities of lower levels. The term
’ontological reductionism’ has also been used for this (Ayala & Dobzhansky 1974), but that
seems to me a most unfortunate term, firstly because constitutive reductionism is very well
compatible with ontological pluralism (’holism’) and the associated doctrine of emergence
(see below), and secondly because the term ’ontological reductionism’ carries the strong
connotation that somehow in scientific reductions not only concepts, laws or theories are
being reduced, but also the ontologies to which they refer, that is, the phenomena, entities or
attributes which are the objects of these concepts, laws or theories. In the next two chapters
I will argue that this is a grave misunderstanding and that reduction is an epistemological
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This even goes so far that most biologists, in particular behavioral biologists, refuse to
attribute any form of feeling, awareness or consciousness to any other animals than humans.
This is probably largely due to the influence of Cartesian thinking in biology and its metaphor
of the (non-human) animal as a machine. I strongly disagree with this view, but it goes too
far to extend on the issue here (see Wemelsfelder 1994 on this issue). Also, I think the
solution to the problem of ’mind’ in other animals will depend on the solution to this problem
in humans and this solution still seems a long way ahead.
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issue, involving logical relations between statements or systems of statements (theories), and
as such has nothing whatsoever to do with ontological reduction.
Thus, if one wishes to use the term ontological reductionism at all, I think it is best reserved
for ontological monism which, in the present context, boils down to atomism.14 The
difference between holism and reductionism with regard to ontological issues may then be
formulated in terms of ontological monism (atomism) versus ontological pluralism
(emergentism, organicism).
2.4.3

’Ontological’ reductionism: atomism

Atomism may be considered an extreme or radical ontological counterpart of reductionism
holding that the entities of the ’lowest’ level of organization (atoms, sub-atomic particles,
quantum particles, but where does it end? See note 8), are somehow ’fundamental’, that they
have an ontological ’surplus value’ over entities of higher levels. They are the ’building
blocks’ of nature, the ’cement of the universe’ (Mackie 1974), of which the entities of higher
levels are mere ’derivatives’. In this view, which was held by, among others, members of the
Vienna Circle, higher level entities and their attributes are nothing but epiphenomena, mere
derivatives of fundamental physical particles.
In a less radical form, ’ontological’ reductionism may be held to be the view that higher
level entities are not only composed of lower level entities (constitutive reductionism), but
also that the properties and other attributes of the former are causally determined exclusively
by the properties of the latter, and interactions between them. One of the arguments
supporting (assumedly, but see below) this view is formed by the theories of chemical and
biological evolution, the idea, roughly, that after the so-called Big Bang there has been a
development on earth starting with the fusion of hydrogen atoms into helium nuclei and
followed by the emergence of more complex atomic, molecular and macro-molecular
structures and then the forming of first unicellular and next multicellular biological structures
(Oppenheim & Putnam 1958; Schaffner 1969). Needless to say that the details of these
processes are still to a large extent mysterious, but (excepting creationism) there seems to be
an ever growing consensus about their global nature. However this may be, ’ontological’
reductionists assume that biological structures are composed of and have developed from
physico-chemical structures, and that therefore the former must be causally determined by the
latter. Hence, it should be possible to reduce theories about the former to theories about the
latter.
However, most holists or autonomists in biology, particularly of course evolutionary
biologists like Mayr, Simpson, Ayala and Dobzhansky, are pre-eminent proponents of
evolutionary theory. Thus, there is no disagreement between holists and reductionists about
the theory itself. The disagreement occurs over the theory’s interpretation. Whereas
reductionists stress its causal developmental history, the development of organic life out of

14

There are basically two opposite forms of monism, to wit materialism (’body’) and
idealism (’mind’). The corresponding epistemological positions are physicalism (’everything
is reducible to physics’) and psychologism (’everything is reducible to psychology’),
respectively. The latter was preached by, amongst others, Ernst Mach. See also note 19.
Atomism is the radical ontological counterpart of physicalism.
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inorganic, physico-chemical structures, holists point to the emergent aspects of the
evolutionary process (called ’emergent evolution’): the coming into being of ever new forms
or structures each having new, ’emergent’ properties (see below and chapter 5; see also
Prigogine’s ideas of ’self-organization’ in nature: Prigogine & Stengers 1984). But there are
also other differences.
2.4.4

Ontological holism: emergentism and organicism

The opposite of radical ’ontological’ reductionism (monism in the form of atomism),
ontological holism, involves some form of pluralism, the idea, roughly, that all levels of
organization are ontologically of equal value (see Bunge 1977). In biology, the relevant
versions of this are emergentism and organicism.
Emergentism is the view that at each higher level of organization new and irreducible
properties appear (emerge) which are not present at lower levels. These are called ’emergent’
properties, defined as properties of wholes which are not possessed by their component parts,
neither when taken separately nor when put together in other partial combinations. As
formulated by Broad (1925, p. 59), "Emergence is the theory that the characteristic behaviour
of the whole could not, even in theory, be deduced from the most complete knowledge of the
behaviour of its components, taken separately or in other combinations, and of their
proportions and arrangements in this whole". Because of the last component ("and of their
proportions and arrangements in this whole"), this is a rather strong and far-reaching claim
which probably has few if any adherents today, but there are other, less radical versions of
the doctrine (for example Mayr 1982) retaining the core of Broad’s formulation: a (biological)
whole has new, emergent properties which its component parts do not possess, neither
separately nor in other partial combinations. Hence the familiar holistic phrase ’the whole is
more than the sum of its parts’. Emergent properties are generally considered, by (radical)
holists, to be ’irreducible’ (but see chapter 5).
As an example of emergent properties, one might take the properties of an individual cell
or of a unicellular organism. A cell is composed of a cell wall and cell plasm containing
several organelles such as the nucleus, in which (most of) the cell’s genetic material is laid
down, and mitochondria, which are the cell’s energy factories, so to speak. Each of these
structures is ultimately comprised of more or less complex chains of macro-molecules.
However, none of these parts possesses the properties of cell as a whole. A cell is ’born’
(through either fusion of two parent cells or division of one), grows and dies or splits into two
new cells; it can literally take up and assimilate food; it is up to a certain extent able to
recover from damage or disease; and, as far as unicellular organisms are concerned, it often
has the capacity to move about in its environment in uni-directional, non-random ways. On
the holistic definition, these are all emergent properties, because the component parts do not
possess them, neither separately nor in other partial combinations. Of course, a list of such
properties would increase enormously at the level of multi-cellular organisms. In chapter 5
I will discuss many such properties.
Organicism is the view that living organisms are complex, hierarchically structured wholes,
whose parts are all functionally integrated in and co-ordinated by the whole. Because of this,
the parts behave in a different way than they would when in isolation: they are co-ordinated
by the whole. This means that not only is the whole determined by its parts, but so are the
parts determined by the whole (for example Smuts 1927; Campbell 1974; Mayr 1982, 1988).
33

Chapter 2
The latter is referred to by Campbell (1974) as ’downward causation’. Thus, in this respect
too, the phrase ’the whole is more than the some of its parts’ applies, but for different reasons
than in emergentism.
Organicism stresses on the one hand the functional relationships between parts in the whole
and on the other hand the causal (integrating, co-ordinating) influences from the whole on the
parts. These are two sides of the same coin. For it means that the properties or the behaviour
of the parts can be explained only in terms of their functions in the whole: they contribute
to the adequate functioning, the survival and reproduction of the whole. According to
organicists (holists), such functional explanations are indispensable in biology. And because
they do not occur in physics and chemistry, they form an important argument in favour of
biology’s autonomy with respect to these other sciences. I will discuss the nature and status
of these explanations in chapter 7.
Organicism stresses not only the causal influences of the whole on its component parts, but
also the causal influences exerted on the whole itself by its surroundings, by the environment
or by the larger whole of which it is itself a part. These too are two sides of the same coin,
because all intermediate entities in the hierarchical organization of nature may be considered
as both parts and wholes. This is an important aspect of holism: a certain entity may be
regarded as a whole with respect to lower levels, but at the same time as a part with respect
to higher levels of organization. In this connection Koestler (1967) introduced the term
’holons’, that is, part-wholes having a two-faced Janus15 head: one directed downwards and
the other upwards.
As an example of this role of the environment, or of the larger whole of which a certain
whole may itself be a part, one might take the embryonic development (ontogenesis) of
organisms. In sexually reproducing species, this development starts with the fertilized egg,
which develops into a multi-cellular organism through a great many cell cleavings or
divisions. In the course of this development, a differentiation occurs between nervous cells,
muscle cells, bone cells, blood cells, etcetera. This differentiation cannot be explained,
however, by differences between the component parts (individual cells or parts of these cells),
because these are all initially identical, also in genetic respect: they all stem from the same
(one) fertilized egg. According to organicism, the differentiation can be explained only in
terms of the different positions which different cells come to obtain in the course of the
embryonic development, and by the different causal influences exerted upon them by their
environments as a result of these differences in position. That is, in each of the developmental
phases of the embryo, different parts of the genome become operative in different cells, each
of these parts coding for the production of different cell constituents (proteins and other
macro-molecules). Thus, whether a cell develops into a nervous cell or a bone cell depends
on the phase of development of the embryo in which it comes into existence and on the
environment in which it occurs, on the position it takes within the embryo as a whole.
Other and evident examples of this role of the environment may be found in the evolution
of species and in the ecology of organisms. On the present view, the evolution of species is
governed by on the one hand genetic mutations and recombinations and on the other hand
natural selection by the environment. Without the role of the environment evolution is

15

Janus was a Roman god who was pictured as having two faces, one in front, which is
directed at the future, and another at the back, which is directed at the past.
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unthinkable. Similarly, one cannot even conceive of the ecology of organisms without
considering the environments (or biotopes, see chapter 10) in which they live. For this reason,
ecology is sometimes claimed to be the only truly holistic science (but see part 2).
It may seem as if these examples amount to something like kicking in open doors, and the
role of the environment in ecology and evolution is indeed uncontroversial, but this does not
apply to other cases. (One may think of, for example, nature-nurture debates: whether and to
what extent behaviour is determined by genetic factors or by environmental factors.) Neither
does it apply to the other aspects of organicism: the functional relationships between parts in
the whole and the co-ordinating role of the whole.
It will be clear that emergentism and organicism are perfectly compatible with one another,
but they are actually independent. That is to say, emergentism doesn’t need organicism and
organicism doesn’t need emergentism. Thus, one may be both an emergentist and an
organicist, but also an emergentist without being an organicist and vice versa. Moreover, a
major difference between the two doctrines is that organicism is particular of organismal
biology (though it is being used as a metaphor in other sciences), whereas emergentism
applies to all levels of organization (except that of the ’fundamental’ physical building
blocks).
2.5

Methodological aspects

In methodological respect every scientist may be regarded a reductionist in the sense of
restricting himself or herself (at any particular moment) to only certain aspects of reality and
of generally attempting to find unity in diversity. However, we may have to make a
distinction in this context between methodology as method of research (’scientific method’:
every scientist is a reductionist) and methodology as strategy of research. The differences
between holists and reductionists lie in the latter field. These differences are related to, or
follow from, the ontological positions taken.
As mentioned above, reductionists claim that the entities of higher, biological levels of
organization are comprised of entities of lower, physico-chemical levels, and also that the
former are causally determined by the latter. In their eyes, therefore, the best strategy for
obtaining knowledge of higher levels of organization is to study lower level entities and
interactions between them. The best way to understand phenomena at the level of the whole
is to study causal mechanisms at the level of its constituent parts. For this reason,
reductionists are also called mechanicists. Beside that, reductionists appeal to some
(supposedly) universal principles, such as our striving for simplicity (for the simplest
explanations and the most parsimonious hypotheses and theories), for universality (for the
most universal theories having large empirical content), and in particular for integration of
knowledge, for coherence and not just consistence of knowledge of different domains of
reality. For these purposes reductions are considered an ideal means and this is of course of
great interest to the unity of science.
Holists (emergentists and/or organicists), at the other side, emphasize the emergent, and
supposedly irreducible, properties of biological wholes and/or the functional relationships
between parts and wholes, as well as the causal influences of wholes on their component
parts. Logically, they claim that in order to obtain knowledge of a certain level of
organization in biology, one must study not (or at least not only) lower levels of organization,
but (also) the higher level itself as well as its relationships to still higher levels. Put
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differently, in order to understand the whole, one must not (only) study its component parts,
but (also) the whole itself as well as the larger whole of which it is itself a part.
Because of the emphasis put on the study of wholes at their own level of organization,
holism is often associated with a descriptive or phenomenological method, and holistic
theories are indeed often phenomenological theories.16 This doesn’t mean, however, that they
cannot be explanatory theories. In later chapters I will provide several examples of holistic,
phenomenological theories (or models) which are at the same time explanatory.17 Apart from
this, functional explanations are of course important aspects of holism, but their status as
genuine explanations is disputed (see chapter 7).
It appears, then, that the major difference between holism and reductionism in
methodological respect is that (radical) reductionists direct themselves exclusively at the lower
level of the parts of some whole, whereas holists direct themselves exclusively at the higher
level of the whole itself and at its relationships with still higher levels. Reductionism is
directed downwards, holism upwards. Reductionism is associated with analysis, holism with
synthesis. The terms ’bottom-up’ and ’top-down’ are often used to denote these strategies, but
both of these terms seem to indicate more of a mixed approach, directed at relations between
levels, than mutually exclusive approaches.18
2.6

Ethical aspects

More or less as a side-note, it should be mentioned that there is also a radical version of
holism which holds not only that it is factually impossible to reduce theories about biological
wholes to theories about their component parts, but also that it is ethically inadmissible to
carry out the analyses of biological wholes into their components parts preceding such
reductions. Put differently, in this view biological wholes are to be respected and not
analyzed, dissected or otherwise manipulated. For evident reasons, one may come across this

16

When using the term ’phenomenological’, I don’t intend to refer to the so-called method
of ’Verstehen’ in sociology. By ’phenomenological’ I mean ’descriptive’ or ’staying at the
same level’. A phenomenological theory is a descriptive theory with respect to a given level
of organization. See also the next note.
17

Generally speaking, however, they are not mechanistic theories, nor, for the same
reason, (micro-)reductive theories. But even the distinction between explanatory,
phenomenological theories and reductive, mechanistic theories appears to be vague. Whether
a theory should be called ’holistic’ (phenomenological) or ’reductionistic’ (mechanistic)
depends on the level of organization relative to which it is applied or considered (see in
particular chapter 6). On the other hand, a phenomenological explanation is an explanation
that stays at the same level, whereas a (micro-)reductive explanation relates levels. A
phenomenological explanation may be called a ’horizontal’ explanation, therefore, as against
’vertical’ or micro-reductive explanation.
18

In fact, when thinking about bottom-up and top-down strategies, I wouldn’t really know
which one is holistic and which one reductionistic.
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view, which may be called ’ethical holism’, especially in exoteric circles of biology, such as
in animal protection movements and, in ecological contexts, in nature conservation groups (as
far as animal welfare is concerned, see Wemelsfelder 1993, and references therein).
I am most certainly sympathetic towards this view, but on the other hand I think it goes too
far to equate reduction or reductionism with dissection or manipulation. Firstly, not every
analytical method in biology consists of literally cutting up living organisms. Secondly, as I
will argue at length in the following two chapters, reduction pertains to the logical relations
between statements (concepts, laws, theories), not to the objects of those statements. As such,
reduction has nothing whatsoever to do with manipulating or cutting up organisms or other
wholes, even though many reductions would not have been accomplished had there not been
previous analytical (for instance anatomical or physiological) research. In so far as the welfare
of animals or other living beings is thereby unjustifiably being harmed, one has every right
to object to it. Generally speaking, however, one is often forced in such situations to weigh
several factors for and against such manipulations (as in the case of testing new medicines
on animals).
I will not discuss this issue any further, as a proper discussion of it would require quite a
different book, and quite a different research from the one I have made. I will return,
however, to the one point, that reduction has nothing to do with ontologically reducing or
harming organisms or other wholes, in chapters 3 and 4.
2.7

Concluding remarks: radical, moderate and anti-reductionist research
strategies

Summarizing, we may conclude that in biology the following contradistinctions between
reductionists and holists occur.
Reductionists assert that biological wholes are comprised of and have developed from
physico-chemical parts and that they are causally determined, therefore, by the properties of
these parts and interactions between them. Thus, it should be possible, in principle, to reduce
all biological concepts, laws and theories to physico-chemical ones, and the best way to arrive
at such reductions is to study the causal mechanisms at the level of the parts. Holists, at the
other side, maintain that biological wholes are complex, integrated structures whose parts are
functionally related into and co-ordinated by the whole, and/or that biological wholes have
emergent properties which cannot be reduced to properties of their component parts.
Therefore, biological concepts, laws and theories cannot be reduced to physico-chemical ones,
and biological research should be directed at the level of the whole itself, on the functional
relationships between parts and wholes, and at the whole in relation to its environment.
It should be noticed, however, that these are not the only possible or even actual positions.
In fact, these positions may be regarded as the two radical extremes of a continuum of
positions, where the intermediaries are more or less moderate. When we decompose the
radical positions into their ontological, epistemological and methodological elements, we see
the following contradistinctions:
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----------------------------------------------------------------------------------------------------------------Ontological reductionism (monism): atomism
Ontological holism (pluralism): emergentism, organicism19
Epistemological reductionism: provincialism
Epistemological holism: autonomism
Methodological reductionism: mechanicism
Methodological holism: phenomenology, ’functionalism’20
----------------------------------------------------------------------------------------------------------------On these grounds, we can define radical reductionism as ontological cum epistemological cum
methodological reductionism, that is, atomism cum provincialism cum mechanicism. Radical
holism can be defined as ontological cum epistemological cum methodological holism, that
is, emergentism and/or organicism cum autonomism cum phenomenology and/or
functionalism.
However, a common moderate position is ontological holism or pluralism cum
methodological pluralism (in the strategic sense) cum epistemological reductionism, the view,
roughly, that all levels are interesting and should be studied, but with the aim of reducing
higher-level theories to lower-level ones (for example Bunge 1977; Kuipers 1990). Another
moderate position is constitutive reductionism (without further characterization) cum
methodological (strategic) pluralism cum epistemological holism or autonomism (roughly: all
levels are interesting and should be studied, but biology is too complex to be reduced; see
Ayala & Dobzhansky 1974). In my experience there are also many biologists who are
constitutive reductionists (without further characterization), methodological pluralists, but
epistemological reductionists, a position roughly equivalent to the first mentioned moderate
one, without bothering, however, about emergentism or organicism. Another common position
in my experience is ontological reductionism (atomism) cum methodological pluralism cum
epistemological reductionism (roughly: all levels are physical through and through, but in
order to reduce theories about higher levels they must be studied first). A striking position,
finally, is the one taken by Maull (1977) and Darden and Maull (1977) (see also Bechtel
1986, 1988, 1993) who defend the unity of science without reductions. This is supposed to
be accomplished through complex ’interlevel’ or ’interfield’ theories relating levels without,
however, reductions taking place (but see chapter 6 and also Schaffner 1993a, 1995). This
position should probably be classified as ontological pluralism cum methodological (strategic)
pluralism cum epistemological holism and is therefore almost identical to radical holism, an
essential difference being, however, that Darden and Maull’s model doesn’t imply
autonomism.
In this book I myself will defend the first mentioned moderate position, that is, ontological
holism cum epistemological reductionism cum methodological pluralism. I will do so in
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Another, and the simplest, form of pluralism is dualism, that is, the combination of
materialism (body) and idealism (mind).
20

There are many sorts of functionalism in science and philosophy. Here, of course, the
term refers to the need for functional explanation in biology.
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particular by arguing against the alleged contradistinctions between the two radical positions.
These are (1) the doctrine of emergence versus the reduction thesis; (2) functional
explanations versus causal explanations; and (3) phenomenology versus mechanicism. The
first contradistinction will be dealt with, and resolved, in chapter 5, and the second in chapter
7. In almost all chapters, but especially chapters 6, 11 and 12, I will discuss, and take steps
to resolve, the third contradistinction. It is particularly to this third contradistinction that my
thesis about the co-operation and mutual dependence of holistic (’phenomenological’) and
reductionistic (’mechanistic’) research programmes applies.
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CHAPTER 3
REDUCTION OF LAWS AND THEORIES
3.1

Introduction

In this chapter, and the next, I will discuss the meaning of the terms ’to reduce’ and
’reduction’ in science and I will discuss the various types of reduction occurring in science.
The next chapter deals with the reduction of concepts, this one with the reduction of laws and
theories.21
I will start by discussing Nagel’s (1961/82) general model of the reduction of laws and
theories. Although this model has been criticized, adapted and elaborated upon by later
authors, it is still of great value, because Nagel argued extensively that reduction is a kind of
explanation and hence pertains to the logical relations between statements or systems of
statements (theories). In this sense, reduction is an epistemological issue and should not be
confused in any way with ontological reduction, that is, the idea that things, or properties or
other attributes of things, are being ’reduced’. This insight, which in my view has not been
sufficiently stressed by most later authors, will prove to be of major importance in later
chapters.
Next, I will discuss Kuipers’s (1990) comprehensive model of explanation and reduction,
which may in fact be considered an integration of earlier models. Kuipers’s model shows that
there are many different types of reduction, to wit deductive and approximative reductions,
iso-reductions and micro-reductions, homogeneous and heterogeneous reductions, and, within
the last type, correlative reductions and identificatory reductions. The natures of these types
depend on the kinds of auxiliary hypotheses and so-called bridge principles being used in a
reduction (in addition to the reducing theory). I will discuss each of these types, and the
reduction steps of which they are composed, and I will illustrate them by some examples (all
based on Kuipers 1990). In chapter 5 the distinctions between these types will prove to be
extremely important in illuminating the so-called doctrine of emergence (or the concept of
’emergent’ properties at higher levels of organization).
Finally, I will discuss the difference between the replacement and the reduction of some law
by a theory, or of a theory by another theory. Though both have been seen as kinds of
reduction, the former being called ’replacement reductions’ and the latter ’explanation
reductions’, I think it is preferable to use the term ’reduction’ only in the latter, explanatory,
sense. The major difference is that, whereas in ’replacement reductions’ the ’reduced’ law or
theory is being eliminated (replaced) by the ’reducing’ theory, in explanatory reductions the
former is (through its being explained and not explained away) consolidated or even
reinforced by the latter. Thus, along with the conclusion that reduction is an epistemological
(and not an ontological) issue, the major conclusion of this chapter will be that reductions in
science should not be confused in any way with the elimination of (higher level) laws or
theories and least of all with the elimination of the ontologies (’things’ and ’attributes’ of
things) to which these laws or theories refer. In chapter 4 I will show that, contrary to the
claims of many philosophers, the same applies to reduction of concepts, and in chapter 5 I
will show that this conclusion can be linked in a very interesting and illuminating way to the
doctrine of emergence.

21

For a different, though fully compatible approach to reduction, called the structuralist
approach, see Balzer, Moulines and Sneed 1987.
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3.2

Nagel’s general reduction model

The locus classicus in the field of reduction of laws and theories is Ernest Nagel (1961/82).
According to Nagel, a reduction is "the explanation of a theory or a set of experimental laws
established in one area of inquiry [called by Nagel the secondary science; RL], by a theory
usually though not invariably formulated for some other domain [the primary science; RL]"
(Nagel 1982: 338). Thus, in the view of Nagel, reduction is a kind of explanation and, more
in particular, a kind of deductive-nomological explanation.
Nagel made a distinction between two types of reduction, namely homogeneous and
heterogeneous reduction. The difference is that in heterogeneous reductions the law or theory
to be reduced generally employs one or more terms which do not appear in the reducing
theory, whereas in homogeneous reductions this is not the case. The difference is related to
the fact that in homogeneous reductions both the reduced law or theory and the reducing
theory apply to the same domain of phenomena, whereas in heterogeneous reduction they
apply to different domains (and often, though not always, to different levels of organization).
For that reason, these types of reduction have also been called domain-preserving and
domain-combining reductions, respectively (Nickles 1973).
3.2.1

Homogeneous reductions

Nagel considered homogeneous reductions unproblematical and payed little or no attention
to them: "In reductions of the sort so far mentioned, the laws of the secondary science employ
no descriptive terms that are not also used with approximately the same meanings in the
primary science. Reductions of this type can therefore be regarded as establishing deductive
relations between the two sets of statements that employ a homogeneous vocabulary. Since
such "homogeneous" reductions are commonly accepted as phases in the normal development
of a science and gives rise to few misconceptions as to what a scientific theory achieves, we
shall pay no further attention to them" (Nagel 1982, p. 339).
This has proved to be incorrect. There are indeed cases of homogeneous reduction where
the one theory (or experimental law) can be derived deductively from the other (such as the
reduction of rigid body mechanics to classical particle mechanics; see Sneed 1971). However,
several authors, in particular Popper (1957, 1962), Feyerabend (1962, 1965) and Kuhn (1962),
have argued that many, if not most, major cases of reduction in the history of science were
not accomplished through the deductive derivation of the one theory from the other, but
through the replacement of one theory by another. These cases concern the replacement of
a former theory, T2, by a later one, T1, thus of a preceding theory and its successor, where
it is established that T2 is in certain respects untrue and in these respects is corrected by T1.
Examples of this are the replacement (reduction) of Kepler’s and Galilei’s laws by Newtonian
particle mechanics and the replacement of Newtonian particle mechanics by Einstein’s special
theory of relativity.
Because it is established, in the light of the succeeding (reducing) theory (or in the light of
the reduction) that the preceding theory is untrue, both theories are actually incompatible in
these cases, so that one cannot say that the one, T2, is being deductively derived from the
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other, T1. At most, one can say that T2 follows approximately from T1 (Feyerabend 1962).22
For this reason, this type of reduction has also been called approximative reduction (Schaffner
1967; Sklar 1967; Mayr 1981). The main characteristic of this type of reduction seems to be
some sort of assumption that a certain term in the reducing theory is negligibly small or
unimportant in comparison to the law or theory to be reduced and may therefore be
eliminated. For example, Galilei’s law of free fall states that the acceleration a(p) of an object
p that is falling freely to the earth, equals M/R², where M and R indicate respectively the
mass and the radius of the earth. However, application of Newton’s theory of gravitation,
assuming that the earth’s gravitational force is the only force operating on the object, leads
to the statement that a(p) equals M/[R + h(t)]², where h(t) indicates the height of p at time
t. Galilei’s law can be derived from this statement only by approximation, by assuming that
the height of the object is negligibly small when compared to the earth’s radius, whence the
term h(t) may be eliminated.
Thus, in replacement reductions T2 is not so much being (deductively) explained as
corrected by T1. Several authors (Schaffner 1967; Sklar 1967; Nickles 1973) have asked
themselves what then T1 does explain if it doesn’t explain T2. The answer appears to be that
T1 explains, among other things, the same as did T2, namely in those areas of its domain
where T2 remains (in the light of T1) adequate, and hence why T2 seemed correct for such
a long time, why it had been successful for such a long time, and that T1 also explains why
eventually T2 appears to be incorrect or untrue (in those areas of its domain where T2 is
being corrected by T1). One may think of, for instance, the prolonged success of Newtonian
mechanics which even after its replacement by Einstein’s relativity theory (or by quantum
mechanics) is still being used (that is, still applies in those areas where it has not been
corrected; compare note 22). Sklar (1967, pp. 112-113) notes in this connection that "if the
distinction between explaining a theory and explaining its apparent success is drawn there is
no reason whatever why we cannot admit that T2 is reducible to T1, admit that T2 is
incompatible with T1, and yet deny that T1 explains T2". In other words, there is no reason
why we shouldn’t uphold the deductive nature of explanations (and hence of other types of
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Actually, Feyerabend (1962, 1965) and also Kuhn (1962) claim much more than just the
non-deductive, approximative nature of this type of reduction. They also argue that the
transition from the one theory to the other is associated with a change of conceptual schemes
(or paradigms) such that the same terms get a completely different meaning in the reducing
theory than they had in the reduced theory. As a result, so the authors claim, both theories
are actually incommensurable (incomparable). However, according to other authors
(Achinstein 1964; Shapere 1966; see also Sklar 1967; Schaffner 1967; Nickles 1973), this is
going much too far. They claim first of all that if theories are incommensurable (as claimed
by Feyerabend and Kuhn) they cannot be incompatible (as also claimed by Feyerabend and
Kuhn): for in order to establish that theories are incompatible one must be able to compare
them. In the second place, the meaning change is generally restricted to only one or at most
a few terms in both theories and is usually not as drastic as to involve a complete change of
conceptual schemes, which is the reason why the theories can be compared, why it can be
established that they are in certain respects incompatible, and why the former theory can be
derived approximately from its successor. See also Davidson (1984) for arguments against the
idea of incommensurable theories or conceptual schemes.
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reduction).23
Schaffner (1967) has incorporated both types of reduction, that is, ’replacement reductions’
and ’explanation reductions’, in one general reduction model. He argues that although one
cannot say, in cases of replacement reduction, that T2 is being deductively explained by T1,
it is possible to derive from T1 a corrected version of T2, T2*, from which T2 can then be
derived by approximation. Thus, according to Schaffner, replacement reductions can be
reconstrued as the correction of T2 by T2* (approximative reduction) and the subsequent
reduction (deductive explanation) of T2* to (by) T1 (see also Schaffner 1993a,b). I will return
to this later, when discussing Kuipers’s reduction model.
Though one might get the impression that replacement reductions are always of the
homogeneous, domain-preserving type, this is not the case. For there are also many
heterogeneous reductions in which, besides deductive steps, an approximation step occurs (see
below). Thus, the difference between replacement reductions and explanation reductions is
not linked to the distinction between homogeneous and heterogeneous reductions, but to
whether or not an approximation step occurs in the reduction, and this may happen in both
homogeneous and heterogeneous reductions. I will return to the terminology of ’replacement’
reductions versus ’explanation’ reductions in the final section of this chapter.
3.2.2

Heterogeneous reductions

As mentioned above, Nagel (1961/82) payed attention almost exclusively to heterogeneous
reductions. He asserted that reductions of this type must satisfy a number of formal and
informal conditions. The main informal conditions are that both the law or theory to be
reduced and the reducing theory must be sufficiently supported by empirical evidence, and
that the reducing theory must be more general than the (law or) theory to be reduced. The
reason for the latter condition is that it is only when this condition is met that one can speak
of the reduction of the one theory, T2, to the other, T1, and not the other way around.
(Incidentally, this condition applies to all reductions, whether heterogeneous or homogeneous.)
Nagel made two major formal demands on reductions, which he called the condition of
derivability and the condition of connectability. The former relates to his conviction that a
reduction is a deductive-nomological explanation and, hence, boils down to the requirement
that the law or theory to be reduced be logically derivable from the reducing theory.
However, in heterogeneous (domain-combining) reductions, the law or theory to be reduced
generally contains one or more terms not being employed by the reducing theory. In such
cases, the reducing theory must be supplemented with one or more auxiliary hypotheses
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There are also cases of replacement of the one theory by another, such as the
replacement of Priestley’s phlogiston theory by Lavoisier’s oxygen theory or the replacement
of the theory of vital forces by various mechanistic theories in biology, which neither involve
deductive (explanatory) reduction nor approximative reduction. These cases involve the total
elimination of an inadequate or untrue theory by a theory which, for the moment, is
considered more adequate. The reduction model of Kemeny and Oppenheim (1956), in which
’reductions’ are not accomplished through logical relation between theories but through their
explained observational domains, is considered to apply to such cases (Schaffner 1967;
Kuipers 1997). I will return to this in section 3.4.2.
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connecting the specific terms of the law or theory to be reduced with the theoretical terms of
the reducing theory. Hence Nagel’s second condition of connectability. This second condition
may actually be seen as a derivative of the first condition, but was stated explicitly by Nagel
to stress the importance of auxiliary hypotheses in accomplishing reductions. He called such
auxiliary hypotheses rules of correspondence, but they are also called bridge principles (in
distinction from the internal principles of the reducing theory; see Hempel 1965, 1967;
Schaffner 1967).
According to Nagel, these correspondence rules or bridge principles should not be regarded
as analytical statements (in which terms are defined equivalent) but as empirically determined
’correlatory laws’. Somewhat confusingly, Nagel had in mind examples of what later authors
agreed upon must be ontological identity relations (Schaffner 1967, 1969; Sklar 1967; Hempel
1969; Causey 1972, 1977; Nickles 1973; Girill 1976; Pluhar 1978; Kuipers 1990). These are
supposed to be statements to the effect that the objects or attributes represented by terms in
the law or theory to be reduced are ontologically identical to the objects or attributes
represented by the theoretical terms of the reducing theory. Examples of such ontological
identity relations are (supposedly) ’light waves are (identical to) electromagnetic waves’,
’genes are (identical to) pieces of DNA’, or ’the macroscopic temperature of a gas is identical
to the mean kinetic energy of its molecules’. On these grounds, it has been thought for some
time that there is only one type of heterogeneous reduction, namely reduction with
(ontological) identity or identificatory reduction. This has spurred much discussion, because
examples were found of what were considered heterogeneous reductions which did not,
however, contain ontological identity relations, or in which the nature of the bridge principles
as ontological identity relations was disputed. In time, however, it has become clear that there
are in fact several types of (heterogeneous) reduction relating to the fact that besides or
instead of ontological identity relations there may also be bridge principles in the form of
correlations or, by definition24, causal relations between (objects of) terms in the reduced
law or theory and (objects of) terms in the reducing theory, as well as other types of auxiliary
hypotheses. The most advanced and encompassing reduction model so far, accommodating
these distinctions and integrating the various types of reduction, is Kuipers’s (1990) reduction
model, to which I will turn now.
3.3

Kuipers’s reduction model

We have already seen that there are various types of reduction: homogeneous and
heterogeneous reductions, deductive and approximative reductions, and within heterogeneous
reductions more in particular identificatory reductions (to be distinguished from correlative
reductions; see below). Also, there is an important type of reduction, which pertains to partwhole relationships and which is therefore of special interest in this book, called microreduction (Causey 1972a,b; Girill 1974, 1976). All these types are integrated in Kuipers’s
(1990) reduction model, called the five steps model of explanation and reduction.
Kuipers claims that every explanation of a law by a theory or of a theory by another theory

24

In this context the term ’correlation’ means indeed, by definition, causal relation. It
should not be confused, therefore, with the meaning of the term ’correlation’ in for instance
statistics, where correlations say nothing about causal relations.
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can be decomposed into one or more of five possible steps, to wit (1) application, (2)
aggregation, (3) identification, (4) correlation, and (5) approximation. Based upon the
literature, he also claims that in order for an explanation to be also called a reduction at least
one of the steps aggregation, identification or approximation must occur. In the following
sections I will shortly discuss each of the five steps, then indicate the types of explanation
or reduction to which they, or their combinations, lead, and illustrate these types by some
examples. These sections are based almost entirely on Kuipers’s (1990) exposition. To make
things a bit less abstract and to provide some insight into the nature of these steps, I will start
with an example of the type of reduction which is of most interest in the context of this book,
viz. heterogeneous micro-reduction. The example concerns the reduction of the ideal gas law
to the kinetic theory of gases (Kuipers 1982, 1990; Nagel 1982, pp. 338-366)
3.3.1

The reduction of the ideal gas law

The ideal gas law pertains to standard, isolated amounts of gases in closed spaces (vessels)
and states that there is always a proportional relationship between the pressure P, the volume
V and the temperature T of such a gas, according to the equation PV = RT (P times V equals
R times T). R is a constant called the ideal gas constant. The reduction of this law proceeds
as follows.
In the kinetic gas theory it is assumed that a gas consists of molecules and that these
molecules are constantly moving: they have a certain motion energy or kinetic energy u which
equals ½mv², where m represents the mass of a molecule and v its velocity. It is assumed
thereby that these molecules may be regarded as particles in the sense of Newtonian particle
mechanics and that therefore Newtons’ laws of motion may be applied to them. Accordingly,
in the first reduction step, an application step, Newtonian mechanics is being applied to a
single molecule and it is assumed that this molecule has a mass m and a velocity v. Because
it is constantly moving, the molecule is also constantly colliding with other molecules and
with the wall of the vessel containing the gas. An extra assumption in this first step is that
these collisions are elastic, that is to say that the velocity of the molecule before and after the
collision is the same. The result is an individual law stating that the momentum exchange
between the molecule and the wall, q, equals twice the mass times the velocity of the
molecule: q = 2mv.
In the second step, an aggregation step, the total effect of the collisions (that is, of
momentum exchanges) of a large number, N, of molecules against the wall is being
aggregated. N is the number of Avogadro and is the number of molecules in a standard
amount (a mole) of gas. This step consists of an ingenious aggregation of individual
momentum exchanges, whereby a number of statistical auxiliary hypotheses are being used.
With the help of these extra hypotheses the aggregated law can be derived that the product
of the total momentum exchange between the molecules and the wall, their kinetic pressure
p, and the volume V of the vessel is equal to the mean kinetic energy û of the molecules
times a constant, (2/3)N. Thus: pV = (2/3)Nû.
In the third and final step, a transformation step, two bridge principles (or, in Kuipers’s
terminology, transformation rules) are being used, which are both, according to Kuipers,
ontological identity relations. The first one states that the kinetic pressure p of the molecules
is exactly the same as what is measured as the macroscopic pressure P of the gas: p = P. The
second principle states that the mean kinetic energy of the molecules is directly proportional
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to what is measured as the macroscopic temperature T of the gas: û = 3/2 (R/N)T. Here, R
is again the ideal gas constant. Because N is also a constant, the right-hand side of this
equation contains a constant times T, hence the direct and constant relationship between û and
T. When both bridge principles are filled in into the equation for the aggregated law, pV =
(2/3)Nû, we get PV = (2/3)N(3/2)(R/N)T, or, simplifying, PV = RT, the ideal gas law.
In this reduction three of the five steps of Kuipers’s model occur: application, aggregation
and identification. Because of the aggregation step it is an example of micro-reduction.
Because of the identification step it is an example of heterogeneous reduction and more in
particular of identificatory reduction. And because with these three steps the ideal gas law can
be derived deductively from the kinetic theory of gases, it is also an example of deductive
reduction. In sum, it is an example of deductive, heterogeneous, identificatory microreduction. I will return to this terminology later.
The remaining steps in Kuipers’s model are correlation and approximation. I will now
shortly discuss each of the five steps.
3.3.2

Explanation and reduction steps
a) application

Since reductions are the deductive or approximative derivation of a law or theory by another,
more general theory, reconstructions of them generally start with the application of the
reducing theory. Thus, the first step in every explanation, and hence in every reduction, is an
application step25, so called because in this step the explanatory theory is applied, ’tailored’
or, to use Cartwright’s term, ’modelled’ to the kind of object or system to which the law or
theory to be explained pertains, or to parts thereof. Various auxiliary hypotheses are generally
being used in this step, in particular hypotheses specifying the initial conditions and boundary
conditions of the ’system’. When this step pertains to the component parts of some whole and
when it is followed by an aggregation step, as in the reduction of the ideal gas law, it leads
to a regularity or law which, in the light of this following step, is called an individual law or
regularity. It is also possible, however, that the application step is the only step occurring in
an explanation, such as when Newtonian mechanics is used to explain or predict construction
work or the motion or collision of objects (for example, biljard balls), or when
thermodynamics is used to explain or predict what happens when things are under put
pressure (the tea kettle, a bicycle tube). In these cases, the application step leads directly to
the law to be explained. Such explanations are never called reductions, however, for reasons
to be specified below.
b) aggregation
The second possible step is an aggregation step, in which case we are invariably dealing with
part-whole relationships. In this step the total result of the application step at the level of the
parts (that is, of individual regularities) over the relevant number or set of parts is then being
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Though this step is in itself not sufficient to speak of a reduction. See below in the main

text.
47

Chapter 3
assessed. This step may consist of a simple addition or summation of individual regularities
(such as when masses of parts are being added up), in which case it is called trivial
aggregation, but also be a more or less complex or ingenious step (as in the reduction of the
ideal gas law), in which case it is called non-trivial aggregation.26 This distinction will later
prove to be important in explicating and defining the concept of ’emergence’ (chapter 5). In
the latter case, this step also generally involves the use of auxiliary hypotheses, often of a
statistical nature. In both cases the resulting law or regularity is called an aggregated law or
regularity.
c) identification
The next possible step is an identification step. When this step occurs, we are dealing with
a heterogeneous ’jump of language’ and therefore with heterogeneous reductions. As
mentioned earlier, such reductions require bridge principles or rules of correspondence to
connect terms in the law or theory to be reduced, which are not being employed by the
reducing theory, with the theoretical terms of the reducing theory (see 3.2.2). Kuipers calls
these rules transformation rules. In the case of an identification step, this rule is an
ontological identity relation (or hypothesis), stating that a thing or attribute referred to by a
term in the reduced law or theory is ontologically identical to a thing or attribute referred to
by a term in the reducing theory. In the reduction of the ideal gas law we have already met
two examples of such ontological identity relations and I will discuss some other examples
later.
d) correlation
The fourth possible step is a correlation step. This step is, like an identification step, a
transformation step and thus also involves a heterogeneous jump of language. However,
instead of ontological identities, a correlation step expresses correlations or, by definition,
causal relations between whatever is referred to by terms in the reduced law or theory and
whatever is referred to by terms in the reducing theory. It will be intuitively clear what the
distinction between ontological identities and correlations amounts to, but its justification has
proved to be an extremely hard nut to crack (if it has been cracked at all). However, since
the distinction is of crucial importance in the reduction of concepts, I will postpone a
discussion of it to the next chapter. I will provide some examples of a correlation step in the
following section.

26

The same distinction has been made by Girill (1976) in the form of ’homogeneous’ parts
(that is, parts which are all of the same type) and ’heterogeneous’ parts (of different types).
However, Girill associated the distinction with different types of identity relations between
(attributes of) parts and a whole. He paid no attention to the aggregation step and therefore
seems to have missed a major point with regard to identificatory reduction: there are no
known examples of identificatory reduction (of a law or theory!; not of concepts, of course)
without an aggregation step (Kuipers 1990; see below in the main text) and the distinction
Girill made between different types of ’identification’ generally plays a role in the aggregation
step, not in the identification step.
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e) approximation
The final possible step in Kuipers’s model is an approximation step. I have already mentioned
this step in 3.2.1, when discussing replacement reductions. Contrary to the other steps, the
approximation step is not a deductive step, but a step in which the law or theory to be
reduced is derived approximately. As noted above, approximative reductions involve some
sort of correction of the reduced law or theory. In terms of Schaffner’s (1967, 1993a,b)
model, one may deductively derive from T1 a corrected version of T2, T2*, from which T2
can be derived only by approximation. From Newton’s theory of gravitation (T1) one can
deductively derive a corrected version of Galilei’s law of free fall (L2*: a(p) = M/[R + h(t)]²)
which reduces to Galilei’s law (L2: a(p) = M/R²) by approximation.
Kuipers notes that approximation is more or less the opposite of concretization in the sense
of the model of idealization and concretization (Krajewski 1977; Nowak 1980).27
Conversely, then, approximation is more or less the same as idealization: by approximation,
T2* is being simplified (idealized) to T2. Thus, the correction of T2 by T2* is the same as
the concretization of T2 to T2*, and, conversely, the approximation of T2* by T2 is the same
as the idealization of T2* to T2. The correction of Galilei’s law of free fall (L2) by the law
derived from Newton’s theory (L2*) is the same as the concretization of Galilei’s law (L2)
to Newton’s version (L2*), and the approximation of Newton’s version (L2*) by Galilei’s law
(L2) is the same as the idealization of Newton’s version (L2*) by Galilei’s law (L2). I will
discuss some more examples of this in the following section, and in chapter 12 I will provide
an example of idealization and concretization in ecology.
3.3.3

Types of reduction

The first step, application, occurs in every explanation and hence in every reduction.
Therefore, it plays no role in distinguishing between types of reduction. By reference to the
other steps, however, Kuipers distinguishes between the following basic types of reduction.
Reductions with an aggregation step are called micro-reductions, without this step they are
called iso-reductions. Reductions with a transformation step are called heterogeneous
reductions, without this step homogeneous reductions. Heterogeneous reductions may be
correlative reductions or identificatory reductions or a combination of both. Finally,
reductions with an approximation step are called approximative reductions, without this step
they are called deductive reductions.
As has already become clear, however, all sorts of combinations of steps, and hence of these
basic types of reduction, may occur. All in all, three times two alternative steps may occur,
leading to 2 x 2 x 2 = 8 possible combinations (types a to h below). Also, I have already
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According to the model of idealization and concretization, growth of knowledge often
starts with the forming of a global theoretical concept or model (a first approximation of
reality called an idealization, such as the Hardy/Weiberg model in genetics) which is then
gradually factualized or concretisized. Such concretizations generally involve some sort of
correction of the idealization by adding factors to it that were first left out but later appeared
to be significant (such as adding mutation and migration to the Hardy/Weiberg model).
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mentioned that, according to Kuipers, there are some combinations of steps yielding
explanations that cannot be called (or are never called) reductions, and that one speaks of
reduction only if at least one of the steps aggregation, identification or approximation occurs.
I will now turn to these possible combinations of steps and to the different types of
explanation or reduction to which they lead. I will start with the more simple types and then
work towards more complicated types. Once again, this section is based almost entirely on
Kuipers’s exposition.
a) deductive homogeneous iso-explanations
When the application step is the only step occurring, we get a first example of a type of
explanation that is never called a reduction. The reason for this is that such explanations
neither involve part-whole relationships (aggregation step), nor a heterogeneous jump of
language (transformation step), nor some form of correction of the law or theory to be
explained (approximation step). Given the lack of these other steps, it is easy to check that
in Kuipers’s terminology such explanations are called deductive homogeneous isoexplanations. In my view, they may be regarded as the simplest form of ’horizontal’
explanation, phenomenological explanation or even ’holistic’ explanation (because of the
absence of reduction steps). To say that this type of explanation is never called reduction is
tantamount to saying that there is no such thing as deductive homogeneous iso-reduction.
b) deductive homogeneous micro-reduction
When the application step is followed only by an aggregation step, we get examples of
deductive homogeneous micro-reduction. In such cases, the ’wholes’ are usually relatively
simple composites and the aggregation step consists of a trivial addition. An example is the
reduction of rigid body mechanics to classical particle mechanics. In this reduction the laws
of motion of a rigid body are derived by application of Newton’s laws of motion to the
component parts of a rigid body and by aggregation of the results of this application step for
all parts of the body, where it is assumed that the mutual distances between these parts are
constant (which is by definition the case in rigid bodies).
c) approximative homogeneous iso-reduction
When, instead of an aggregation step, the application step is followed by (only) an
approximation step, we are dealing with cases of approximative, homogeneous iso-reduction,
homogeneous, because it doesn’t involve a heterogeneous jump of language (transformation
step), and iso-reduction, because it doesn’t involve an aggregation step. This may be called
the simplest or the ’pure’ type of ’replacement’ reduction or, better (in my view; see 3.4.2),
of approximative reduction (reduction2 in the terminology of Nickles 1973). Examples are the
afore-mentioned reduction of Galilei’s law of free fall to Newton’s theory of gravitation and
the reduction of Newtonian particle mechanics to Einstein’s relativity theory. As mentioned
before, this step generally involves some sort of correction of the reduced law or theory and
this correction may also be seen as the concretization of that law or theory by the reducing
theory.
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d) approximative homogeneous micro-reduction
The next possible combination of steps is application, aggregation and approximation, leading
to approximative homogeneous micro-reductions. An example of this is the reduction of the
macro-economic consumption function, which expresses a linear relationship between national
income and national consumption demand, to individual utility theory. Interestingly, this
reduction starts as the deductive homogeneous micro-reduction of the probabilistic version of
the macro-consumption function to utility theory, by application of this theory to the
behaviour of a single individual and aggregation of the resulting individual regularity over a
large number of individuals. Next, it is transformed into approximative homogeneous microreduction by approximation of the aggregated, probabilistic regularity to the standard, nonprobabilistic version of the macro-consumption function (see Janssen 1987 for details).
e) deductive heterogeneous micro-reduction
When the application step is followed by both an aggregation step and a transformation step,
we get cases of deductive heterogeneous micro-reduction and this can be more in particular
identificatory reduction or correlative reduction (or a combination of both; see below). I have
already discussed an example of deductive identificatory micro-reduction in the form of the
reduction of the ideal gas law. An example of deductive correlative micro-reduction is the
reduction of the law (or hypothesis) of Olson to utility theory (as all the examples I present,
this example can be found in Kuipers 1990, but it is worked out in detail in Kuipers 1984).
Olson’s hypothesis states that the chance of a group realizing some collective good decreases
with increasing group size. According to the central principle of utility theory, the principle
of utility maximization, individuals who are faced with a choice between alternative actions
will do whatever they expect has the highest utility (and neglect to do whatever they expect
has lower utility). By application of this principle to the choice between participation or nonparticipation in the realization of a collective good, at variable group size, and using some
auxiliary hypotheses about probability and utility assessments by individuals, one can derive
the following individual regularity: each individual has his own switch group size, that is, the
size where he or she switches from participation to non-participation. Next, by aggregation
of this individual regularity and using some statistical hypotheses about the comparability of
groups with respect to the mean and variance of this individual switch group size, one can
derive the aggregated regularity that the larger the group the smaller the degree of
participation. Finally, by using the correlation hypothesis that the smaller the degree of
participation the smaller the chance of realization of the collective good, one can derive
Olson’s hypothesis: the larger the group the smaller the chance of realization of a collective
good.
f) approximative heterogeneous micro-reduction
A still more complex type of reduction is approximative heterogeneous micro-reduction,
consisting of the steps application, aggregation, transformation and approximation. An
example of this, which is at the same time another example of the model of idealization and
concretization, is the reduction-with-detour of the ideal gas law to the kinetic theory of gases
via Van der Waals’s law. Using essentially the same reduction steps as in the direct reduction
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of the ideal gas law, it is also possible to derive from the kinetic theory of gases first the
kinetic (microscopic) and next the macroscopic version of Van der Waals’s law, from which
the ideal gas law can then be derived by approximation (by neglecting the pressure and
volume constants; see Kuipers 1985 for details). That is to say, the macroscopic version of
Van der Waals’s law is a concretization of the ideal gas law and, conversely, the ideal gas
law is, as the name indicates, an idealization which can be derived from Van der Waals’s law
only by approximation. The example is also another illustration of Schaffner’s claim (or
reduction model): the macro-version of Van der Waals’s law (T2*) is a concretization
(correction) of the ideal gas law (T2) and this concretization can be derived deductively from
the kinetic theory of gasses (T1). Thus whereas the direct reduction of the ideal gas law to
the kinetic gas theory is an example of deductive, identificatory micro-reduction, the
reduction-with-detour via Van der Waals’s law is an example of approximative, identificatory
micro-reduction (including, however, the same deductive steps as the direct reduction!).
Kuipers also provides an example in which all five steps of his model occur. This is the
reduction of the periodic table, or the periodic law, of Mendeleev to quantum atomic theory.
Apart from an application, aggregation and approximation step, this reduction also contains
both a correlation step and an identification step. In the former the correlation hypothesis is
being used that chemically similar behaviour of elements is caused by equal atomic structure.
In the latter the ontological identity hypothesis is being used that the atomic number (weight)
of an element is identical to its number of protons or electrons (see Hettema & Kuipers 1988
for details). Based upon its steps, it will be clear that this too is a case of approximative
heterogeneous micro-reduction, but spelled out more fully it is an example of approximative,
heterogeneous, correlative, identificatory micro-reduction. I only mention this to indicate that
reductions can be quite complicated indeed. In chapter 6 I will provide an example of
heterogeneous micro-reduction in biology which also involves both a correlation step and an
identification step.
g) deductive heterogeneous iso-reduction?
In the first paragraph of this section I mentioned that there is no such thing as deductive
homogeneous iso-reduction. There are also no examples of deductive heterogeneous isoreduction, that is, reduction by only application and transformation, but the reason for this is
a bit more complicated.
In the first place, the transformation step could in principle be an identification step, in
which case we could speak of (identificatory) reduction. However, there are no known
examples of such reductions. In all known cases of identificatory reduction, the identification
step is always preceded by an aggregation step, whence they are always examples of microreduction. As Kuipers remarks, one may consider it an interesting challenge to find counterexamples.
In the second place, the transformation step could also be a correlation step, but in that case
we would again get examples of explanation which, according to Kuipers, are never called
reduction. I must confess, however, that I have my doubts as to why explanations of this type
cannot be called reductions. For after all they involve a heterogeneous jump of language
similar to the one in an identification step and therefore would seem to fall under Nagel’s
heading of heterogeneous reduction.
To make things more complicated, the (only) example Kuipers provides of this type of
52

Reduction of laws and theories
explanation, the explanation of the laws of interbreeding in biology by Mendelian genetics,
is in my view not a case of deductive correlative iso-explanation, as Kuipers claims, but a
case of deductive correlative micro-reduction. That is to say, in my view it does involve an
aggregation step. If, for instance, under certain well-defined starting conditions one crosses
a population of green peas with an equally large population of white peas, the next generation
yields approximately 75% green peas and 25% white peas. The explanation provided by
Mendelian genetics is that peas are heterozygous for a gene determining their colour, that is
to say that there are two alleles of this gene, say A for green peas and a for white peas, and
that allele A is dominant over allele a. This means that of four possible combinations after
fertilization, AA, Aa, aA and aa, three lead to green peas while only the combination aa leads
to white peas. When sufficient numbers of peas are being crossed, one can determine, using
some statistical auxiliary hypotheses, that roughly 75% of the next generation of peas will be
green and 25% white. According to Kuipers, this is a typical case of correlative explanation:
whole chains of causal processes between genes and pea colour are being assumed. However,
"because only the steps (..) application and (..) correlation are involved", it "is, as far as I
know, never called a reduction" Kuipers 1990, p. 256).
I have the strong suspicion, however, that this is really a case of reduction, firstly because
it consists of the explanation of phenotypical variation in traits of peas (wholes) in terms of
a theory about some of their component parts (alleles, genes), and secondly because the
example actually involves four levels of organization, to wit the level of alleles, the level of
genes (combinations or pairs of alleles), the level of individual peas, and the level of
populations of peas. I think that one needs at least one aggregation step to come from the
lowest level (alleles) to the highest level (populations) and perhaps even two. For in the
application step Mendel’s theory is actually being applied to the level of alleles. In particular,
the only law needed here, Mendel’s first law of random segregation, states that each
descendant receives one allele from its one parent and another allele from its other parent and
that the probabilities of receiving one or the other of either parent’s alleles are equal. Next,
however, we need an aggregation step to come from the level of alleles to the level of genes
(combinations or pairs of alleles) and to arrive at the four possible combinations of alleles
after fertilization (depending upon whether the parents are homozygous AA or aa or
heterozygous Aa): AA, Aa, aA and aa. Then follows the correlation step linking the level of
genes with the level of individual peas, where, with the help of the dominance hypothesis, it
is derived that the combinations AA, Aa, aA lead to a green pea, while only the combination
aa leads to a white pea. And finally I think we need another aggregation step to come from
the level of individual peas to the level of populations of peas and in which the results of
crossing large numbers of green and white peas are being aggregated. As mentioned above,
one needs sufficient numbers of peas and a number of statistical auxiliary hypotheses to
derive the result that approximately 75% of the peas in the next generation will be green and
25% white. (More specifically, if one starts with a ’pure’, that is homozygous AA, population
of green peas and a population of white peas, which is always homozygous aa, the next
generation, F1, yields 100% heterozygous Aa green peas, and random crossing within this
generation yields approximately 75% green and 25% white peas in the next F2 generation.
Starting with a random mixed population yields the same results.)
Thus, if my suspicions are correct, the correlation step is preceded (and followed) by an
aggregation step, making the example a case of (deductive correlative) micro-reduction and
not of iso-explanation.
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To make things even more complicated, Kuipers also provides no examples of other
(theoretically) possible types of correlative reduction without an aggregation step, that is,
reductions by (a) application, correlation and approximation; (b) application, correlation and
identification; and (c) application, correlation, identification and approximation. Although this
does not mean that such examples do not or could not exist, and I would certainly not
preclude the possibility, it does lead to the interesting question whether a correlation step is
not also, like an identification step, always preceded by an aggregation step and, hence,
whether correlative reductions are not also always micro-reductions. Perhaps one should it
consider a challenge to find counter-examples to this claim too.
h) approximative heterogeneous iso-reduction?
The final combination of steps I will discuss is the combination application, transformation
and approximation, yielding approximative heterogeneous iso-reductions. After what I said
in the previous paragraph, it should come as no surprise that this is a highly dubious
combination. The discussion of this type is doubly complicated by the fact that the example
provided by Kuipers, the reduction of Mendelian genetics to molecular genetics, is still
incomplete and highly controversial. According to Kuipers, after the application of molecular
genetics to the relevant type of organisms, an auxiliary hypothesis is being used in which
Mendelian genes are identified with molecular genes (or pieces of DNA molecules), making
this at least a case of heterogeneous and more in particular identificatory reduction. However,
the reduction is extremely problematical, because in Mendelian genetics genes are being
defined in three different ways, namely as units of mutation (the so-called muton), as units
of recombination (the recon), and as units of phenotypic expression (the cistron; see Benzer
1957). However, these units do not correspond to identical pieces of DNA molecules. The
unit of mutation (that is, the minimum number of nucleotides within which a base substitution
will produce a mutation and a change in the genetic code) is 3 or more nucleotides. The unit
of recombination may be a single nucleotide in a DNA strand, but also any higher number
of nucleotides that can be recombined between DNA strands. And the unit of phenotypic
expression may be hundreds of nucleotides spread over various DNA strands. Thus there is
no one-to-one correspondence between Mendelian genes and molecular genes, and not even
a many-to-one correspondence (which would still not be that problematic), but a many-tomany correspondence, which makes the identification extremely problematic (see Hull 1974;
Ruse 1974; Schaffner 1974; Kitcher 1982; and Rosenberg 1985 for a further discussion of this
problem; see also Balzer and Dawe 1986). The conclusion which should probably be drawn
from this is that it is not so much Mendelian genetics which is being reduced to molecular
genetics, but a corrected version of it (transmission genetics), and that Mendelian genetics can
be derived from this corrected version only by approximation. Hence, according to Kuipers,
this is probably a case of approximative, identificatory iso-reduction. He adds, however, that
"Whether something like aggregation occurs, and hence whether it is a case of microreduction, has still to be investigated" (Kuipers 1990, p. 253). Notice that if this were not the
case, the example would be a counter-example to Kuipers’s own claim that an identification
step is always preceded by an aggregation step.
To this should be added that, apart from the many-to-many correspondence between
Mendelian genes and molecular genes, one may have serious doubts as to whether the
relationship is one of identity at all. For according to present molecular theory, there are all
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sorts of molecular genes which do not code directly for phenotypical traits but play an
intermediary role in the way of controlling or regulating other genes that do (repair genes,
operator genes, repressor genes, promotor genes). Since this involves all sorts of causal
interactions at the molecular level, it is more likely that there are causal relations
(correlations) between molecular genes and Mendelian genes. In that case it is even more
likely that this is indeed an example of micro-reduction, since one will have to aggregate over
the interactions between individual molecular genes in order to arrive at the ’products’ of
Mendelian genes, the phenotypical traits of organisms.
Whatever the correct view on this matter, it will be clear both that the example is extremely
problematic as an example of identificatory iso-reduction and that this type of reduction is
highly dubious. That the example is a case of heterogeneous reduction, and that it is probably
a case of approximative reduction, seems beyond doubt, however.
3.4
3.4.1

Concluding remarks
Epistemological versus ontological reduction

I have now discussed all (eight) types of explanation and reduction resulting from the relevant
combinations of the five step in Kuipers’s model. It is extremely important to realize that all
these types pertain to logical relations between statements or systems of statements (theories).
That is to say that reduction is an epistemological issue and should not be confused in any
way with ontological reduction or the idea that in scientific reductions not only laws or
theories (or concepts, see the next chapter) are being reduced but also the ontologies, that is,
the objects or attributes of objects, to which these laws or theories refer. With the reduction
of some law or theory nothing changes at the level of the ontology of that law or theory.
Reduction is a kind of explanation, not of explaining-away. Take, for example, the reduction
of the ideal gas law. Has this resulted in there not being gases any more with (macroscopic)
pressures and temperatures? Of course not. I will return to, and extend upon, this issue in
chapter 5.
3.4.2

Eliminative versus non-eliminative reduction

What was said above applies even to so-called replacement reductions, or, better,
approximative reductions. For even in approximative reductions the reduced law or theory
most often still stands after its reduction and is not actually being replaced in the sense of
eliminated. The ideal gas law is still being used even though it has been shown to be an
idealization (approximation) of Van der Waals’s law. Newtonian particle mechanics is still
being used even though it has been approximatively reduced to Einstein’s relativity theory.
Mendelian genetics is still being used even though it is in the process of being
approximatively reduced to molecular genetics.
It seems to me, therefore, that the term replacement reduction is not a particularly fortunate
term to use for approximative reductions. The only cases in which a law or theory is actually
being replaced to the extent that it is no longer being used or applied are cases of so-called
’instrumentalistic’ or ’observational’ reductions (Kuipers (1997), where a former law or
theory has been found totally inadequate or untrue and has been replaced by a more
successful successor. Examples of this are the replacement of Ptolemy’s geocentric theory by
Copernicus’s heliocentric theory of astronomy, the replacement of Priestley’s phlogiston
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theory by Lavoisier’s oxygen theory, and the replacement of vitalism by various mechanistic
theories in biology. The reduction model of Kemeny and Oppenheim (1956), in which
reduction does not involve logical relations between theories but occurs through the explained
observational domains of theories, is thought to apply to such cases of total replacement
(Schaffner 1967; Kuipers 1997). These cases neither involve the deductive explanation (in one
of the senses discussed above) nor the approximative explanation (correction) of one theory
by another, but the total elimination of a inadequate or untrue theory by another theory which,
for the moment, is considered more adequate. If such cases are to be called reductions at all,
they are, in my view, best called eliminative reductions. In all explanatory types of reduction,
but especially of course in the deductive types, the reduced law or theory is not being
replaced or eliminated but, on the contrary, consolidated or even reinforced by the reducing
theory. At most, some correction due to an approximation step occurs.
A major difference between eliminative and non-eliminative (consolidatory) reductions is
that in examples of the former, but not of the latter, one can say indeed that also the ontology
of the reduced theory is being replaced or even eliminated: today we don’t believe any more
that there are such things as phlogiston or vital forces. Once again, however, in all the other
types of reduction discussed in this chapter reduction has nothing to do with the replacement
or elimination of the reduced law or theory and least of all with the replacement or
elimination of the ontologies of those laws or theories. On the contrary, through the
consolidation or reinforcement of the reduced law or theory by the reducing theory their
ontologies are also being consolidated or reinforced. I will return to this issue too in chapter
5.
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CHAPTER 4
REDUCTION OF CONCEPTS
4.1

Introduction

In the preceding chapter I have argued that all types of law or theory reduction (excepting
instrumentalistic reductions) involve logical relations between statements or systems of
statements and that, therefore, reduction is an epistemological issue, not an ontological one.
Several authors have claimed, however, that some types of law or theory reduction also
involve the reduction of concepts and that this would imply some form of ontological
reduction (Schaffner 1967; Sklar 1967; Hempel 1969; Causey 1972, 1977; Gyrill 1976; Pluhar
1978; Moulines 1984; Kuipers 1990, 1997). This pertains to identificatory reductions, of
course, because of the ontological identity relations being assumed in these reductions. Since
ontological identity relations are relations between concepts (or terms designating these
concepts), identificatory reductions involve the reduction of concepts, and because they are
ontological identity relations, this is supposed to involve some form of ontological reduction.
Some authors have even claimed (Causey 1972, 1977; Kuipers 1990) or suggested (Pluhar
1978) that it involves some form of micro-reduction. My chief purpose in this chapter is to
show that these are grave misunderstandings.
It is extremely difficult, however, to detect the source or sources of these misunderstandings.
This is due partly to terminological confusions and partly to the inherent complexity of the
subject. The main problem in this respect seems to be that it is not at all clear what sort of
relations are to count as ontological identity relations. As a result, we are provided with all
sorts of examples of what are supposed to be ontological identity relation but which, on close
inspection, turn out not to be. Therefore, before getting to the arguments against the view that
concept reductions are ontological reductions and/or micro-reductions, I will first discuss ’the
problem’ of ontological identity relations. This involves the difference between ontological
identity relations and correlations (causal relations); the difference between so-called thingidentities and attribute-identities; and, since analyses of concept reductions generally rely on
the distinction between types (’kinds’ of things or attributes) and tokens (individual
instantiations), the difference between types and tokens and the associated difference between
token-identities and type-identities. This chapter will be rather technical and may be skipped
by readers who are not attracted by the subject itself. However, I think the conclusions should
be read.
4.2
4.2.1

Ontological identity relations
Identities versus correlations

Concept reductions are generally supposed to involve ontological identity relations (from here
on, OIRs for short). As mentioned in the former chapter, these are statements to the effect that
a (term denoting a) concept which occurs in a law or theory to be reduced but not in the
reducing theory, is identical to a (term denoting a) concept in the reducing theory. This may
apply to thing-concepts (for instance, the concept ’gene’ in Mendelian genetics is supposed
to be identical to the concept ’piece of DNA’ in molecular genetics) but also to attributeconcepts (for instance, the concept ’atomic number’ in the periodic table (law) of elements
is supposed to be identical to the concept ’number of protons or electrons’ in Dalton’s atomic
theory). However, as the argument against the identity of mendelian genes and molecular
genes (see 3.3.3.h) has already shown, what some consider to be OIRs, others don’t. More
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generally, it is very difficult to establish what sort of relations are to count as OIRs.
In the literature on concept reductions this problem is usually discussed by asking what is
the difference between OIRs and correlations, where the latter are defined as causal relations.
Two criteria have been proposed (Causey 1972, 1977; see also Kuipers 1990, 1997), to wit
the ’causal explanation’ criterion and the substitution criterion.
4.2.2

Criteria for ontological identity relations

According to Causey (1972), identities are biconditionals which, like correlations, require
empirical justification (a demand which Nagel also made on his rules of correspondence) but
which, unlike correlations, are not subject to causal explanation. I have already used this
criterion in the former chapter: correlations are causal relations which themselves call for a
deeper, causal, explanation, whereas identities cannot be causally explained.
The favourite example in this context is the identity of the evening star and the morning
star. Formerly, one used to think that these were two names for two different objects but
today we take them to be two different names for one and the same object. The identity is
a triple identity, moreover, as we also believe the object to be the planet Venus. There is no
use in asking for a deeper explanation of this identity: there is no causal relation between
Venus, the morning star and the evening star. In the case of correlations, on the other hand,
the call for further explanation seems always pressing. In chapter 3 I mentioned the example
of the correlations being used in Mendelian genetics to explain phenotypical traits of
organisms. Between these traits and the genes or alleles postulated in Mendelian genetics
generally lie complex biosynthetic pathways which are all causal relations calling for deeper,
causal explanations.
The identity of the morning star and the evening star is an individual identity, however,
whereas the OIRs that are to figure in concept reductions (that are to figure in law or theory
reductions) must be general identities. The problem with Causey’s first criterion thereby is
that though it seems manageable in practice, it is essentially circular. For the only justification
for the claim that a given relation cannot be causally explained seems to be that it is an OIR
(Kuipers 1990, 1997).
Therefore, Causey (1972) proposed another, second criterion, to wit the substitution
criterion: if ’a’ is identical to ’b’, then in all statements about ’a’, excepting statements in
which personal (propositional) attitudes28 occur, the term ’a’ may be replaced by the term
’b’, without loss of truth-value. This criterion is generally accepted for individual identities
but, according to Causey, on the grounds of his conviction that identities are biconditionals,
may be extrapolated to general identities. The problem with this second criterion is, however,
that though non-circular, it is not manageable in practice, for the simple reason that we cannot
check for every statement whether substitution is allowed or not (Kuipers 1990, 1997).
Thus, the distinction between OIRs and correlations, though intuitively clear, is
philosophically hard to justify. For the moment, however, we could say that on the basis of
our intuition and on the combination of Causey’s criteria we can come a long way. Though
there may be difficult cases where the distinction is not readily made, there are sufficient
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Propositional attitudes are intensional mental states such as ’I think that ..’ or ’I believe
that ..’.
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examples where the distinction seems clear, or at least useful. I will return to this later.
4.2.3

Thing-identities and attribute-identities

According to Causey (1972, 1977), it is not only possible to reduce thing-concepts but also
to reduce attribute-concepts. In other words, there are not only thing-identities but also
attribute-identities. His claim is supported by Kuipers (1990, 1997) who has given a formal
reconstruction of both kinds of concept reduction. According to Kuipers, "Thing-identities are
general identities in which types of objects, belonging at first sight to different domains, are
identified: "light consists of electromagnetic waves", "water consists of H2O-molecules",
"genes consist of pieces of DNA-molecules", etc. Attribute-identities are general identities in
which properties, relations or functions are identified. [For example:] "the macroscopic
pressure [of a gas] is the same as the kinetic pressure [of the gas molecules]" and "equal
thermal state is the same as equal mean kinetic energy" (Kuipers 1990, p. 257). The latter
OIR (an identification of qualitative attribute concepts or relation concepts) is an alternative
formulation of the more familiar OIR that the temperature of a gas is identical to the mean
kinetic energy of its molecules (an identification of quantitative attribute concepts or function
concepts).
Kuipers has shown, convincingly in my view, that the reduction of attribute concepts runs
completely analogous to the reduction of thing concepts, the only difference being that in the
former case a time parameter must be introduced to account for phase-transitions of things.
Therefore, I will not question the possibility of reduction of attribute-concepts per se. It
should be mentioned, however, that the actual possibility of reduction of attribute-concepts
is questioned, especially in the literature on the mind-body problem (see below).
4.2.4

Types and tokens

Analyses of concept reductions generally rely on the distinction between types and tokens.
Unfortunately, however, these terms are rarely if ever explicitly defined. Therefore, I will
attempt to do so myself, or at least make clear what I consider them to be.
A type can best be compared with a natural kind. A type of thing is a kind of thing, and a
type of attribute is a kind of attribute. A token is an individual instantiation of a certain type
or kind. Thus, the relation between types and tokens is like the one between a species and its
individuals: a (an individual) sparrow is a token of the type ’sparrow’ and a particular human
being is a token of the type ’human being’. But of course the type-token distinction is not
restricted to biological species. For instance, anticipating the major example of an OIR to be
discussed later (’water = H2O’), an (individual) H2O molecule is a token of the type ’H2O
molecule’, and an (individual) amount of water is a token of the type ’water’. A particular
chair is a token of the type ’chair’, and the brown colour of my chair is a token of the type
’brown’.
It is often thought (Guichard, Kuipers, personal communications) that the relation between
types and tokens coincides with the relation between a set and its elements, but in my view
this is not true: the former is a subset of the latter. That is, all type-token relations are setelement relations but not all set-element relations are type-token relations. For example, a
particular sparrow is a token of the type ’sparrow’ and at the same time an element of the set
of sparrows. A particular raven is a token of the type ’raven’ and at the same an element of
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the set of ravens. All individual sparrows and ravens are also tokens of the type ’bird’ and
at the same time elements of the set of birds. However, there is a subset of the set of birds,
viz. the set of sparrows and ravens, which can be described in terms of the set-element
relation but not in terms of the type-token relation: the set of sparrows and ravens is not a
type. All birds and mammals belong to the type ’animal’ and they are elements of the set of
animals, but there are all sorts of subsets of this set that do not form types, such as the set
of robins and field mice, or the set of sparrow hawks and humans.
The cause of this asymmetry is, of course, that sets can be arbitrary whereas types generally
are not. We can lump all sorts of things or attributes together into sets, but types are a sort
of ’natural’ categories, a sort of ’natural’ kinds.
In my view, the type-token distinction corresponds to the relation between abstractions and
concrete instantiations (or particulars), but this too is a source of confusion. There seems to
be general agreement that types are always abstractions, but there are different ways of
looking at tokens. One way is to say that tokens are always concrete instantiations, the other
way is to say that though some tokens are concrete instantiations, others are abstractions. It
may be argued, for instance, that though a particular sparrow is a token of the type ’sparrow’,
the type ’sparrow’ is itself a token of the type ’bird’, and that the type ’bird’ is in turn a
token of the type ’animal’ (Guichard, Kuipers, personal communications). Similarly, in this
view, the ’brownness’ of my chair is a token of the type ’brown’, but the type ’brown’ is
itself a token of the type ’colour’. Though on the one hand this is a mere matter of definition,
on the other hand it seems more parsimonious to me to use the term ’token’ only for concrete
instantiations. Instead of viewing the type ’sparrow’ as a token of the type ’bird’, it seems
more parsimonious to me to say that tokens of the type ’sparrow’ are tokens also of the type
’bird’, and also of the type ’animal’. And the ’brownness’ of my chair is a token of the type
’brown’ but it is a token also of the type ’colour’. At least, this view seems less ambiguous
to me than to allow types to be also tokens. The latter is bound to create confusion.29
Thus, in my view, tokens are always concrete instantiations and types are always
abstractions. The fact that concrete things may be tokens of various different types merely
indicates that it is possible to set up hierarchical classification schemes of things.
4.2.5

Type-identities and token-identities

Based upon the type-token distinction, two kinds of identities are being distinguished in the
literature, to wit token-token-identities, or token-identities for short, and type-type-identities
or type-identities for short. Naturally, one talks of type-identity when different types (of things
or attributes) can be identified, and one talks of (mere) token-identity when only tokens of
the one type can be identified with tokens of another type, but the types themselves are not
co-extensive.
The main significance of the distinction is that, as noted above, concept reductions require
general identities, that is, type-identities. This is particularly relevant in the context of the
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There are two ways of formalizing the relations between a sparrow (s) and the types
’sparrow’ (S), ’bird’ (B) and ’animal’ (A): (1) s ε S ε B ε A; and (2) s ε S ⊂ B ⊂ A. The
point is not that either of these formalizations is more parsimonious than the other, for neither
is. The point is that, in my view, S, B and A should never be allowed to be called tokens.
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mind-body problem, where it is often argued that though tokens of mental types (in particular
propositional attitudes) may be identical to tokens of physical (biological, neurophysiological)
types, the types themselves are not coextensive. More specifically, it is argued that though
tokens of a mental type may be identical to tokens of physical types, the latter tokens do not
yield a single physical type coextensive with the mental type. It is said that, therefore, mental
types are multiple realizable by physical types, or, alternately, that mental types supervene
on physical types (Kim 1996). Since the mind-body problem falls outside the scope of this
book, I will not discuss this view, but of course the possibility of similar problems occurring
in other areas should not be excluded (see, for example, Rosenberg 1985, chapter 6, on the
supervenience of the concept ’fitness’ in evolutionary biology).
4.3
4.3.1

Ontological identities versus micro-reductions
Introduction

Having introduced the relevant terminology, I will now argue that concept reductions, if they
are to involve OIRs, cannot be micro-reductions. Actually, the argument is very simple. For
micro-reduction is, by definition, reduction with an aggregation step. This is incompatible
with the claim that concept reductions involve OIRs (and only OIRs). Alternatively, to claim
that concept reductions are micro-reductions is to claim that they involve two ontological
levels, a macro-level and a micro-level. However, to claim that concept reductions involve
(only) OIRs is to claim that they involve only one ontological level.30 Clearly, the two
claims are incompatible.
Though the argument doesn’t depend on specific examples, it will be illuminating to discuss
some examples. I will start with an example that is mentioned by Causey (1972, p. 410) and
reconstructed by Kuipers (1990), viz. the reduction of the concept ’water’. Both Causey and
Kuipers claim that this reduction involves an OIR and that it is a micro-reduction (though
Kuipers 1997 has retreated from the latter claim).
4.3.2

An example: ’water = H2O’

To claim that the reduction of the concept ’water’ is a micro-reduction is to claim that this
macro-concept can be reduced to the micro-concept ’H2O’ or ’H2O molecule’. The macro-type
in this case is ’water’, tokens of this type being individual amounts of water (which may vary
from a single raindrop to the amounts of water in a lake or ocean). The micro-type is ’H2O
molecule’, tokens of this type being individual H2O molecules. Clearly, however, individual
amounts of water, whether they be raindrops or oceans, are not identical to individual H2O
molecules. For individual amounts of water have attributes, such as liquidity and transparency,
which individual H2O molecules don’t have, and in order to arrive from the level of
individual H2O molecules at the level of individual amounts of water we need both an
aggregation step and a correlation step. For there is a certain minimum number of H2O
molecules required to produce the first amount (drop) of water, and it is only when H2O
molecules interact with each other, and when they do so under certain well-defined
temperature conditions, that they form the liquid substance water. Therefore, ’water’ is not
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For this seems to be implied by the very definition of an OIR.
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token-identical to ’H2O molecule’, nor can it be type-identical. It follows that ’water = H2O’
is not an OIR.
This is not to say, of course, that the concept ’water’ (or rather, lawlike statements about
water) cannot be reduced to the concept ’H2O molecule’ (lawlike statements about H2O
molecules), only that it cannot be done by means of an OIR. Nor is it to say that there is no
OIR involved in the reduction of the concept ’water’, only that it cannot be an OIR between
’water’ and ’H2O molecule’.
The question is, of course, what then is the OIR if it cannot be ’water = H2O’. There are
two possibilities, namely to formulate the OIR either on the macro-level (water) or on the
micro-level (H2O molecule). Interestingly, this is exactly what Causey and Kuipers actually
do, where Causey takes the latter option and Kuipers takes the former. The OIR is variously
formulated by Kuipers as ’water consists of H2O molecules’, ’water is a set (or a collection)
of H2O molecules’, or ’water is an aggregate of H2O molecules’. According to Causey,
however, we should read: ’the smallest possible sample of water is an H2O molecule’ (Causey
1972, p. 410). Thus, whereas Kuipers situates ’the’ OIR on the macro-level, Causey situates
’it’ on the micro-level (that is, we are actually dealing here with two quite different ’OIRs’).
As Kuipers notes, "aggregates [such as aggregates of H2O molecules, RL] do not constitute
a separate ontological level, but just belong to the macro-level" (Kuipers 1997, p. 133). Thus,
’water’ and ’aggregate of H2O molecules’ are different concepts of one and the same thing
on the macro-level. Put differently, they are two epistemological sides of the same ontological
coin on the macro-level. In Causey’s case, on the other hand, ’smallest possible sample of
water’ and ’H2O molecule’ are two different concepts (epistemological sides) of one and the
same thing (ontological coin) on the micro-level.
Notice that both formulations are consistent with the argument that the reduction of the
concept ’water’ is not a micro-reduction (and hence inconsistent with the authors’ own claim
that it is). Notice also, however, that, by consequence, in Causey’s case it is not the concept
’water’ that is being reduced (to the concept ’H2O molecule’), but the concept ’smallest
possible sample of water’, while in Kuipers’s case it is not the concept ’H2O molecule’ to
which the concept ’water’ is being reduced, but the concept ’aggregate of H2O molecules’.
Thus, both Causey and Kuipers face the problem of how to explicate the relation between
’water’ (= ’aggregate of H2O molecules) and ’H2O molecule’ (= ’smallest possible sample of
water), that is, between the macro-level and the micro-level. Neither of them does, at least
not adequately.
According to Causey (1972), all bridge laws in micro-reductions should be OIRs (which he
calls Thing Identity Bridge Laws, or ’TIBLs’ for short, and Attribute Identity Bridge Laws,
or ’AIBLs’ for short). This is impossible. Causey completely ignores the fact that microreductions are, by definition, reductions with an aggregation step (though he himself did not
define micro-reductions as such). He also ignores the fact that we need correlation hypotheses
(about interactions between H2O molecules) to link the level of individual H2O molecules with
the level of water.
According to Kuipers, water is an aggregate of H2O molecules. This strongly suggests that,
in his view, the only relation between the micro- and the macro-level is an aggregation
relation (in addition to the OIR on the macro-level). It is interesting, in this respect, that
Kuipers notes that "the example has in the present context not yet anything to do with the
aggregation phase of the substance water. That is, [a certain isolated amount of the substance]
x0 may well be water in solid form (ice) or in gaseous form (vapour)" (Kuipers 1997, footnote
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on p. 122). This leads to the question, however, how one and the same set of H2O molecules
can sometimes lead to a liquid substance and at other times to a solid or gaseous substance.
The answer is, of course, that this depends on the temperature conditions, and that lower or
higher temperatures give rise to more or less strong interactions between the molecules,
leading to, respectively, ice, water and water vapour. Thus, in order to explain each of the
aggregation phases we need correlation hypotheses linking these phases to interactions
between the H2O molecules and to temperature conditions.
Kuipers states that "Reduction of substance terms means of course that we relate them to
a suitable representation of macro-objects in terms of micro-objects [sic!] and (some of) their
properties, relations and functions" (Kuipers 1997, p. 123; emphasis added). That is, he
acknowledges that properties, relations and functions (attributes) of H2O molecules, and hence,
possibly, interactions between them, play a role in the reduction of the concept ’water’.
However, these properties, relations and functions do not reappear in his formal reconstruction
of the example, nor in the remaining informal part of his analysis. For the basic set, Mp, in
terms of which he defines his base-classes of structures (that is, aggregates of molecules of
certain chemical kinds) and base-types of aggregates, is simply the set of all molecules,
partitioned into subsets of molecules of different kinds, among them the subset of H2O
molecules. That is, in Kuipers’s terminology, the macro-type ’water’ is ontologically identical
to the base-type ’aggregate of H2O molecules’ generated by the base-class of ’aggregates of
H2O molecules’. However, nowhere are the properties, relations and functions of these
molecules included in the aggregates. Thus, apparently, in Kuipers’s view, the only relation
between ’water’ and ’H2O molecule’ is an aggregation relation.
4.3.3

Constitutive reductionism and relations between wholes and parts

The problem with this view becomes more pronounced when it is extended to similar
examples at higher levels of organization. Indeed, Kuipers claims not only that water is an
aggregate of H2O molecules, but also that every macro-object can be conceived of as an
aggregate of micro-objects: "macro-types of macro-objects are ontologically identical to basetypes of aggregates generated by the base-classes of structures" (Kuipers 1997, p. 124), where
’structures’ are tokens of aggregates of micro-objects and the ’base-types of aggregates’ are
the corresponding types. A macro-molecule, then, is an aggregate of molecules, a cell is an
aggregate of macro-molecules, an organism is an aggregate of cells, a population is an
aggregate of organisms, etcetera. However, by implication, then, all macro-objects are
aggregates of, say, atoms or molecules (or quantum particles or whatever). Indeed, then, the
entire biosphere or the entire universe is an aggregate of quantum particles, a most
uninformative statement. That is, carving up the world in this way by means of ontological
identities is actually not carving it up at all.31
The problem with Kuipers’s view (when taken at face value) is that it is actually nothing
other than constitutive reductionism (see chapter 2), or the view that higher-level entities are
composed (exclusively) of lower-level entities. As we have seen, however, constitutive
reductionism is compatible with both atomism (’ontological’ reductionism) and emergentism
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I thank an anonymous reviewer for supporting me by stating that it wouldn’t allow us
to distinguish a human being from a dinosaur or a stone.
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(or other forms of holism or pluralism). For present purposes, we may take these doctrines
to be, respectively, the view that ’the whole is equal (ontologically identical) to the sum of
its parts’ and the view that ’the whole is more than the sum of its parts’. That is, if not
properly relativized (a relativation which depends more or less on the meaning of the term
’aggregate’), Kuipers’s view may easily be taken for die-hard reductionism (though I know
for a fact that Kuipers doesn’t take this position): an organism in nothing but a collection of
atoms and molecules. Though I have already pointed out the inadequacy of this view (the
need for correlation hypotheses to connect micro- and macro-levels), I will not decide upon
it here, since it is the subject of the next chapter.
It should be stressed that the point is not that water cannot be considered an aggregate of
H2O molecules, or that the statement ’water is an aggregate of H2O molecules’ cannot be
considered an OIR (see below). The point is that between this OIR (the macro-level of water)
and the micro-level of individual H2O molecules (the level of Causey’s OIR) there is more
than just an aggregation relation.
4.3.4

Causal explanation and substitution

It is interesting, of course, to check whether Causey’s and Kuipers’s formulations of ’the’
OIR satisfy Causey’s criteria for OIRs (4.2.2).
Starting with Causey’s own formulation, there seems to be no doubt that ’the smallest
possible sample of water is an H2O molecule’ is an OIR. There seems to be no causal relation
between ’smallest possible sample of water’ and ’H2O molecule’, nor does the relation seem
to be subject to causal explanation. Also, there seems to be no harm (loss of truth-value) in
substituting the term ’H2O molecule’ for the term ’smallest possible sample of water’ in
statements in which the term ’smallest possible sample of water’ occurs (though the problem
with this criterion remains that it cannot be checked for all possible statements). On the other
hand, what is to count as ’the smallest possible sample of water’? Those who have the right
chemical equipment may be able to isolate a smallest possible sample of water that is
identical to an H2O molecule. But those who haven’t, or those who never even learned about
H2O molecules, may take a single drop of water to be the smallest possible sample of water.
However, in that case, replacing the term ’smallest possible sample of water’ by the term
’H2O molecule’ in the statement ’the smallest possible sample of water is a drop of water’
would radically change the truth-value of the statement. Or why not take the chemical
analysis one step further and end up with hydrogen atoms and oxygen atoms? Or, taking it
still further, why not establish that the smallest possible sample of water is a particular
number (10) of protons, neutrons and electrons?
I don’t mean to say that the relation as formulated by Causey cannot be considered an OIR,
nor that, once it is accepted as an OIR, substitution is not allowed. The argument does show,
however, that whether it is an OIR, and hence whether substitution is allowed or not, depends
on whatever theory we adopt to specify what we mean by ’the smallest possible sample of
water’. The relation may be considered an OIR all right, but only relative to the theory that
water consists of H2O molecules. However, on the simple ’folk’ theory that the smallest
possible sample of water is a drop of water, it isn’t.
In addition, the entire analysis of the water example rests on the assumption that by ’water’
we mean ’distilled water’. That is, it doesn’t really apply to ’ordinary’ amounts of water in
raindrops, cups of tea, lakes or oceans. It is only on the theory that ordinary amounts of water
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contain some ’basic stuff’, some ’pure’ substance called ’H2O’, that statements like ’water
consists of H2O molecules’, ’water is an aggregate of H2O molecules’ and ’the smallest
possible sample of water is an H2O molecule’ make any sense at all. This issue will be
proceeded in the next section on ontological reduction.
Turning next to Kuipers’s formulation, things are a bit more complicated. On the one hand,
there seems to be no causal relation between ’water’ and ’aggregate of H2O molecules’, and
it doesn’t seem to make much sense to ask ’why is water an aggregate of H2O molecules?’
On the other hand, given that water has attributes which H2O molecules don’t have, the
question ’how come that water is an aggregate of H2O molecules?’ does seem to be pressing.
However, as noted above (4.3.3), the question whether the statement ’water is an aggregate
of H2O molecules’ is an OIR is a different issue from the question of how to explicate the
relation between water and individual H2O molecules. That is to say, the question ’why is
water an aggregate of H2O molecules?’ is a different issue from the question ’how come that
water is an aggregate of H2O molecules?’ The former question pertains to the relation
between water and aggregates of H2O molecules, whereas the latter pertains to the relation
between water and individual H2O molecules. The former relation may not be subject to
causal explanation, the latter certainly is. Notice also that the causal explanation of the
attributes of (the liquid substance) water is much the same as the causal explanation of each
of the aggregation phases of (the ’basic stuff’ we also call) water. That is, the causal
explanation of the attributes of water is as much a causal explanation of the attributes of
’aggregates of H2O molecules’ (which it must be if the former is to be ontologically identical
to the latter). In this respect, therefore, there seems to be no reason to question whether the
statement ’water is an aggregate of H2O molecules’ is an OIR.
The substitution criterion poses a serious problem, however. For it may be argued that if
water is an aggregate of H2O molecules, then so is ice (and so is water vapour). However,
substituting both the term ’water’ and the term ’ice’ by the term ’an aggregate of H2O
molecules’ in the statement ’water is not the same as ice’ radically changes the truth-value
of the statement. Or, if one finds this too radical, consider the statement ’when ice melts, it
turns into water’ and substitute only the term ’water’ by the term ’an aggregate of H2O
molecules’. On the other hand, the argument seems to rest on the ambiguity of the term
’water’: it is sometimes used for only the liquid substance ’water’ and sometimes for all three
aggregation phases of the ’basic substance’ water. When the ambiguity is resolved, the
argument fails. It merely indicates that we are somewhat sloppy in our usage of terms: the
statement ’when ice melts, it turns into water’ should be read as ’when water in a solid state
melts, it turns into water in a liquid state’. This shows once again that whether some relation
between concepts is an OIR is a function of whatever theories we adopt to specify the natures
of these concepts.
4.3.5

Other examples

It is easy to see that the above argument against concept reductions as micro-reductions holds
also for other examples of OIRs. Another example of a thing-identity mentioned by Causey
is ’gold is a collection of gold [Au, RL]32 atoms’. This example has the same structure as
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I think the example should rather be formulated as ’gold is a collection of Au atoms’.
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the water example. Therefore, the same arguments hold. Firstly, gold has attributes, such as
a certain solidness (under particular temperature conditions), brilliance and electrical
conductivity, which Au atoms don’t have. Therefore, the macro-thing gold is neither typeidentical nor token-identical to the micro-thing ’Au atom’, and the reduction of the concept
’gold’ cannot be a micro-reduction. Secondly, it is only when many Au atoms interact with
each to form a crystal lattice that they produce the macro-substance gold. Therefore, in order
to micro-reduce (lawlike statements about) the concept ’gold’ we need, in addition to an OIR,
both a correlation hypothesis and an aggregation hypothesis. Thirdly, the required OIR in this
case is ’gold is an aggregate of Au atoms’, but it is also possible to formulate an OIR on the
micro-level (as Causey does): ’the smallest possible sample of gold is a Au atom’.
It will be clear that the same holds for all examples having the structure ’X consists of y’s’
(that is, macro-object X consists of micro-objects y). The argument may be summarized,
therefore, by concluding that ’to consist of’ is not the same as ’to be identical to’.
Turning next to attribute-identities, examples are ’the macroscopic pressure of a gas is
identical to the kinetic pressure of its molecules’, ’the temperature of a gas is identical to the
mean kinetic energy of its molecules’, and ’the atomic weight of an element is identical to
the number of protons or electrons of the element’. However, the kinetic pressure of gas
molecules is not an attribute of individual molecules (which are assigned only mass and
velocity), but of aggregates of molecules. Similarly, the mean kinetic energy of gas molecules
is not an attribute of individual molecules, but of aggregates of molecules. And the atomic
weight (number) of an element and the number of protons or electrons of an element are two
attributes of one and the same thing. Therefore, none of these examples make for cases of
micro-reduction (though, like the examples of thing-OIRs, they are involved in microreductions). I will leave aside whether they satisfy Causey’s criteria for OIRs.
The conclusion we can draw is that macro-concepts cannot be reduced to micro-concepts
by means of OIRs, or, in other words, that concept reductions by means of OIRs cannot be
micro-reductions. The misunderstanding about concept reductions as micro-reductions seems
to be that, somehow, they are supposed to involve two ontological levels and that, therefore,
either macro-objects are to be identified with micro-objects or attributes of macro-objects are
to be identified with attributes of micro-objects. This is incompatible with the very idea of
OIRs. That is, for some relation to be an OIR it must be a relation between two different
concepts, of a thing or of an attribute, on one and the same ontological level.
4.4
4.4.1

Ontological identities versus ontological reduction
Introduction

Having shown that concept reductions cannot be micro-reductions if they are to involve OIRs,
I will now argue that they cannot be ontological reductions either. In this case, the
misunderstanding seems to be that, because concept reductions involve ontological identity
relations, they are ontological reductions. However, the very fact that we are talking of the
reduction of concepts indicates that it is concepts that are being reduced, not the ontologies
(things or attributes, or, on an event ontology, events) to which they refer. Since the argument
depends, however, on how we perceive of concepts, ontologies and the relation between them,
and since this depends on how we perceive of the relation between ontology and
epistemology, it may be illuminating to extend a bit on this relation.
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4.4.2

Epistemological verificationism

’Ontology’ is a very complicated and problematical subject, not so much because of its
relationship to metaphysics (so cursed a term since Logical Positivism entered philosophy)
but rather because of its relationship to epistemology. After the so-called linguistic turn in
philosophy (initiated by Wittgenstein, but actually dating back to Kant, and proceeded by later
philosophers such as Quine and Davidson) it has become difficult to state something in the
field of ontology without at the same time stating something in the field of epistemology.
With a nice term, coined by Lex Guichard (see Guichard and Looijen 1991), it is said that
epistemology has become verificationist with respect to ontology. This means, roughly, that
there is no ontological ’fact-of-the-matter’ without there being at the same time an
epistemological ’fact-of-the-matter’.33 In simpler terms, epistemological verificationism34
boils down to the following.
When we make a statement about reality (an ontological statement), when we state that
reality is such or so, we do so implicitly or explicitly on the grounds of some theory about
reality (theory being used here in the broad sense and including hypothesis, idea, model,
etcetera). Kant already realized that reality in itself (the "Dingen an sich") is not directly
accessible to our abilities of acquiring knowledge but, stated in modern terms, is always
mediated by our conceptions of it. In other words, there is no way of knowing reality other
than through theories.
Thus, when we make an ontological statement, we actually make a theoretical statement, a
statement on the grounds of some theory. This leads us directly into the realm of
epistemology. Though the terms ’experimental’ and ’empirical’ may suggest otherwise,
experimental laws or empirical laws too are ’theoretical’ laws in the sense of being ’laws in
the light of some theory’ or of being ’laws laden with some (deeper) theory’ (Kuipers &
Zandvoort 1985).
I have already argued that the reduction of laws and theories is an epistemological issue:
it pertains to the logical relations between statements or systems of statements (theories). The
question is now whether this applies also to the reduction of concepts.
4.4.3

Things, concepts, and terms

A concept may be defined as a certain representation which we have or make of some aspect
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The issue is related to the very complicated subject of whether we should take a realistic
or relativistic stance towards (scientific) theories. This subject is beyond the scope of this
book. See Guichard and Looijen (1991) for a defense of realism in spite of epistemological
verificationism.
34

’Epistemological verificationism’ is shorthand for ’epistemological verificationism with
respect to ontology’.
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of reality.35 This shows immediately that concepts have a theoretical nature. Concepts are
not directly related (equivalent or identical) to reality but representations of it. To be more
precise, they are representations ’on the grounds of some theory’: a conceptual theory.
In order to designate concepts, and to make them communicative, we use terms.
(Communication failures often result from different meanings given to the same term: the
same term denotes different concepts.) However, when a certain concept has become ’stable’,
that is, current or generally accepted (in other words, when the relevant term has become
unambiguous), it gets a dual character: on the one hand it remains the representation of the
aspect of reality it is, but on the other hand it becomes more and more associated with that
aspect itself.36 For instance, ’water’ is the term we use for our concept of, among other
things, a liquid substance, which is not-land, which we can drink, in which we can swim,
etcetera, but ’it’ (that is, ’water’) is also that substance itself. (When I tell you about water,
you don’t think of the term ’water’ nor of the concept ’water’; you think of the substance
’water’.)
Thus, the question what is being reduced when ’water’ is being reduced has no
straightforward answer. The reduction may pertain to (1) the term ’water’; (2) the (our)
concept ’water’; or (3) the substance ’water’.
The safest choice seems to be the term ’water’. The choice is favoured by the Nagelian
consideration that heterogenous (for example identificatory) reductions are so-called because
the reduced law or theory employs terms which do not occur in the reducing theory and that
they require bridge principles (for example OIRs) to connect these terms with terms that do
occur in the reducing theory. However, if reduction would merely involve terms, it would be
a purely analytical issue (a matter of defining the one term into the other) and empirical
research would be superfluous (which is why Nagel, among others, required that bridge
principles be empirically supported). The only reason, of course, why the reduction of ’water’
is interesting is that it teaches us something about the substance water.
It is tempting, therefore, to choose next for the substance water. However, the idea that in
concept reductions substances are being reduced is seriously misleading because, as we have
seen, there is no way of knowing substances other than through theories. The same applies,
of course, to properties or other attributes of things. As noted by Nagel (1979, pp. 364-365),
whether things or properties of things can be reduced is a function of whatever theories are
adopted to specify the natures of these things. As I have argued in section 4.3.4, whether the
statements ’water is an aggregate of H2O molecules’ and ’the smallest possible sample is an
H2O molecule’ can be considered OIRs depends on how we perceive of the concepts ’water’,
’smallest possible sample of water’ and ’H2O molecule’, that is, on the theory or theories by
which we specify the natures of these things.

35

Of course, there are also concepts that do not represent reality (non-referring concepts,
and perhaps logical concepts), and there are also representations of reality that are not
concepts (statements, theories), but I would not know of any other way to define a concept
than as a representation.
36

Compare this with the so-called splitting and inversion model of Latour and Woolgar
(1979).
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4.4.4

Epistemological reduction

Thus, we are left with the concept ’water’. Once we have eliminated the other possibilities,
it is easy to see why the reduction of ’water’ cannot but pertain to the concept ’water’. Of
course, the concept ’water’ refers to the substance ’water’, but the reduction of the concept
’water’ pertains, exactly as is stated, to the concept ’water’. This is, after all, why we speak
of the reduction of concepts.
The reduction of ’water’ pertains to the concept ’water’, to a certain representation of (the
substance) water. This agrees with Kuipers’s account in so far as Kuipers claims that
reduction of the concept ’water’ means that we derive a macro-representation of the substance
water from a representation of its micro-structure, the micro-structure-representation.
As noted before, according to Kuipers, aggregates do not constitute an ontological level of
their own, but belong to the macro-level. Thus, the macro-representation and its microstructure-representation in terms of aggregates of micro-objects are different representations
(concepts) of one and the same thing on the macro-level. ’Water’ and ’aggregate of H2O
molecules’ are two different concepts of one and the same thing on the macro-level.
Similarly, ’smallest possible sample of water’ and ’H2O molecule’ are two different concepts
of one and the same thing on the micro-level. The same applies, of course, to reductions of
attribute-concepts: ’atomic number’ and ’number of protons or electrons’ are two different
representations of one and the same attribute.
Thus, concept reductions are relations (OIRs) between two different concepts or
representations of one and the same thing or of one and the same attribute. The two concepts
are different epistemological sides of the same ontological coin. But then, it follows that
concept reduction is, like law or theory reduction, an epistemological issue, not an ontological
one: it pertains to logical relations between statements (laws, theories) about things, or
representations of things (concepts), not to the things themselves. The claim that concept
reductions are ontological reductions, because they involve OIRs, rests on a misunderstanding
of what it is for something to be an OIR.
4.5

Conclusions

The upshot of the above discussion is that there may well be ontological identity relations,
both of thing-concepts and of attribute-concepts, but that the concept reductions in which they
figure can neither be considered micro-reductions nor ontological reductions. The claim that
concept reductions are micro-reductions is incompatible with the fact that micro-reductions
pertain to part-whole relationships and involve, by definition, an aggregation step. The claim
that concept reductions are ontological reductions is incompatible with epistemological
verificationism, and with the very fact that they are concept reductions.
Both claims seem to rest on misunderstandings of the nature of ontological identity relations.
The basic misunderstanding seems to be that ontological identity relations involve relations
between different kinds of things or of different kinds of attributes. Because of the context
of heterogeneous micro-reduction in which they figure, this easily leads to the idea that they
involve relations between macro-objects and micro-objects or relations between attributes of
macro-objects and attributes of micro-objects. This in turn leads to the idea that concept
reductions, involving such relations, are themselves micro-reductions. In addition, because of
the term ’ontological identity relation’, the idea seems to be that concept reductions are
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ontological reductions. However, ontological identity relations are relations between different
concepts of one and the same (type of) thing or of one the same (type of) attribute. They
express different epistemological sides of the same ontological coin.
Therefore, the conclusion can be drawn that concept reduction is, like law or theory
reduction, an epistemological issue, or, more generally, that reduction is an epistemological
issue. The expression ’ontological identity relation’, then, is seriously misleading (and had
better be replaced by the term ’identification hypothesis’), and the expression ’ontological
reduction’ may (in the context of concept, law or theory reduction) even be considered a
contradiction of terms.
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CHAPTER 5
EMERGENCE, REDUCTION AND CO-OPERATING RESEARCH PROGRAMMES
5.1

Introduction

In this chapter I will resolve the first of the alleged contradistinctions between holism and
reductionism in biology, to wit the one between the emergence thesis and the reduction thesis.
I will argue that the emergence thesis, when interpreted as an empirical claim about relations
between properties of wholes and properties of their component parts, is a very plausible and
universal thesis, which is, however, in no way contradictory to the reduction thesis. I will do
so by discussing properties of various kinds of wholes, which on the ground of this empirical
thesis can be called emergent, but can nevertheless be explained in terms of some microtheory about the component parts and suitable bridge principles in the form of aggregation
and in particular correlation hypotheses. This implies that the emergence thesis, in its
empirical form, can be considered a valid ontological thesis (within the confines of
epistemological verificationism) but that the ’in principle’ irreducibility claim which is
coupled to it by most holists, must be abandoned.
On this finding, I will develop a new definition of emergence which on the one hand
accounts for its original meaning, as expressed by the familiar slogan ’the whole is more than
the sum of its parts’, but which on the other hand accounts for the possibility that emergent
properties can be explained reductively. This definition expresses emergence in terms of the
steps aggregation, correlation and/or identification which may occur in a (heterogeneous)
micro-reduction (see chapter 3).
Eventually, I will even arrive at the following remarkable conclusion: if there were no
emergence, there would be no (micro-)reductions either! This conclusion links up seamlessly
with the conclusion of chapter 4 that if we are dealing with only an ontological identity, there
is no way in which we can talk of a micro-reduction and, hence, that if we can speak of a
micro-reduction, we cannot be dealing with only an ontological identity. Actually, this means
that emergence can be considered the opposite of ontological identity.
Finally, considering this relationship between emergence and reduction and considering the
ingredients required for successful heterogeneous micro-reductions (viz. (1) macro-laws or
theories, (2) micro-theories, and (3) suitable bridge principles), I will develop my thesis about
the mutual dependence of holistic and reductionistic research programmes.
5.2
5.2.1

The doctrine of emergence
The whole is more than the sum of its parts

There are several different versions, or components, of the doctrine of emergence. Firstly,
there are empirical (or ontological) claims and epistemological claims. Secondly, there are
evolutionary claims and what for ease of exposition I will call ’contemporary’ claims. I will
consider each of them.
According to one of the earlier formulations of the doctrine, emergence is "the theory that
the characteristic behaviour of the whole could not, even in theory, be deduced from the most
complete knowledge of the behaviour of its components, taken separately or in other
combinations, and of their proportions and arrangements in this whole" (Broad 1925, p. 59;
see also Thorpe 1974, p. 110). Because of the final addition, "and of their proportions and
arrangements in this whole", this a far-reaching statement, making emergence into a
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practically mysterious, inexplicable phenomenon. For that reason, it probably has few if any
adherents today. A common present-day opinion is rather that emergence at the level of the
whole is the result of the specific connections and interactions between the component parts
(for example Simon 1962; Bunge 1977; Pluhar 1978; Blitz 1992; Kim 1996). A common
opinion in ecology, for instance, is that emergent properties of communities are the result of
interactions between the component species (for example Begon et al. 1986, p. 589; see also
chapters 8 and 9). It is not surprising, therefore, that one of the leading emergentists (holists)
in biology today, Ernst Mayr, states that "Systems almost always have the peculiarity that the
characteristics of the whole cannot (even in theory) be deduced from the most complete
knowledge of the components, taken separately or in other partial combinations. This
appearance of new characteristics in wholes has been designated as emergence" (Mayr 1982,
p. 63; see also his 1988, p. 15). Thus, though obviously inspired by Broad, Mayr leaves his
addition "and of their proportions and arrangements in this whole" out.
Nevertheless, Mayr states that "the units at higher hierarchical levels are more than the sum
of their parts and, hence, that a dissection into parts always leaves an unresolved residue - in
other words, that explanatory reduction is unsuccessful" (Mayr 1982, p. 66). He even goes
so far as to claim that "attempts at a "reduction" 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" (p. 63).
Therefore, "[holists] stress the autonomous problems and theories of each level and ultimately
the autonomy of biology as a whole" (p. 66).
5.2.2

Emergent evolution

For a long time the doctrine of emergence has been considered to apply especially, or even
exclusively, to complex biological wholes, to such complex phenomena as ’life’, ’mind’ and
’consciousness’, and to epiphenomenal properties such as colour, sound, smell and taste
(Lewes 1874-75; Broad 1925; Pluhar 1978; Mayr 1982, 1988; Blitz 1992; Kim 1996). The
doctrine "has often been evoked in attempts to explain such difficult phenomena as life, mind
and consciousness" (Mayr 1982, p. 63). Mayr himself states, however, that "actually,
emergence is equally characteristic of inorganic systems". He cites an example of T.H. Huxley
(1868), who claimed that the specific properties of water, its ’aquosity’, cannot be deduced
from our understanding of the properties of hydrogen and oxygen (see also Broad 1925, who
uses the same example). "Such emergence is quite universal", says Mayr and he approvingly
quotes Popper’s (1974a, p. 281) statement that "We live in a world of emergent novelty".
With this quote Mayr shows his affiliation with an evolutionary version of the doctrine of
emergence known as the theory of emergent evolution (Morgan 1923, 1933; Lovejoy 1927,
1936; Mayr 1960; see also Dobzhansky 1974; Blitz 1992). This theory is actually a
phenomenological (descriptive) evolutionary theory, in which the process of evolution on
earth, from the forming of the first elements to the appearance of biological species and the
emergence of mind and consciousness, is seen as a creative process, called ’creative
evolution’, and in which this process is being expressed in terms of the forming of new, ever
more complex, entities out of older, more simple ones. Each new entity is thereby seen as an
’emergent novelty’ having new, emergent properties which the older entities did not yet
possess. The theory is considered to apply not only to biological evolution but also to the
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(supposedly) preceding chemical evolution (Mayr 1960; Ayala 1976; see also, apart from the
doctrine of emergence, Schaffner 1969b). The coming into being of ’life’ and ’mind’ are seen
as only two ’links’, be it of course highly significant ones, in this "Great chain of being"
(Lovejoy 1936).
It should be noticed that this evolutionary version of emergentism is actually independent
of, though very well compatible with, the ’contemporary’ version. That is to say, the theory
that in the course of evolution ever more complex entities (wholes) with emergent properties
have developed from simpler entities (parts), which did not yet possess these properties, is
well compatible with, though independent from, the theory that entities of higher levels of
organization (wholes) have, at this (or any particular) moment, emergent properties which
their component parts do not possess, neither separately nor in other partial combinations.
Bunge (1977) has provided a set-theoretical explication of the concepts ’emergent’ and
’novelty’ in relation to hierarchical levels of organization which in my view illustrates this
point very well. Also, Mayr (1982, 1988) makes no distinction between the evolutionary and
the ’contemporary’ versions of the doctrine, but is a fervent supporter of both (Mayr 1960).
Therefore, as long as there is no reason or need for it, I will not distinguish between the two
versions, but unite them both under the claim that a whole has emergent properties which its
component parts do not possess, neither separately nor in other partial combinations (that is,
other combinations than the one in which they appear in the whole). It may be noted also that
the contemporary version follows more or less from the evolutionary version: if the complex
entities of higher levels (wholes) have developed in the course of evolution from simpler
entities of lower levels (parts) and if the newer entities have emergent properties, which the
older ones did not have, then it follows that the complex wholes which we presently
distinguish have emergent properties not possessed by the parts of which they are composed.
There is no difference between the ’emergent’ properties of, say, H2O molecules which came
into existence in the course of evolution through the interaction of two hydrogen atoms and
an oxygen atom and the ’emergent’ properties of H2O molecules which are presently
composed of two hydrogen atoms and an oxygen atom.
5.2.3

Empirical and epistemological claims

Nagel (1982) points out that the theory of emergent evolution should be distinguished from
the emergence thesis as a doctrine about the unpredictability of properties at higher levels of
organization in hierarchical systems. While the former is primarily an empirical issue, the
latter is primarily an epistemological issue. "Accordingly, the question whether any properties
are "emergents" in the sense of being temporally novel is a problem of a different order than
the issue whether any properties are "emergents" in the sense of being unpredictable. The
latter is an issue largely though not exclusively concerned with the logical relations between
statements; the former is primarily a question that can be settled only by empirical historical
inquiry" (Nagel 1982, p. 375; emphasis in the original).
Of course, the same applies to the contemporary version of the doctrine: the claim that a
whole has emergent properties not possessed by its component parts, is an empirical claim
which should be distinguished from the epistemological claim that a whole has emergent
properties in the sense of being unpredictable from, or irreducible to, a micro-theory about
its component parts and auxiliary hypotheses.
Assuming the compatibility of the evolutionary and the contemporary version, this actually
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means that we can make a distinction between two theses of the doctrine of emergence.
Thesis 1 states: the whole is more than the sum of its parts, that is, a whole has emergent
properties which its component parts do not possess, neither separately nor in other partial
combinations. Thesis 2 states: the emergent properties of wholes cannot be deduced from, or
reduced to, "the most complete knowledge of", that is, micro-theories and auxiliary
hypotheses about, their component parts (see the quotes taken from Broad and Mayr in 5.2.1).
Because of the second thesis, the term ’emergent’ has received the additional meaning of
’being irreducible’. It is probably for this reason, because of such far-reaching claims as those
of Broad and Mayr, that the doctrine of emergence has become so unpopular amongst
reductionists. By adding the irreducibility claim to it, the emergence thesis has received the
status of a metaphysical dogma. It has made emergence into a mysterious phenomenon which
cannot be explained and must therefore be either accepted on faith (holists) or rejected on
account of its inexplicability (reductionists). To many reductionists, the irreducibility claim
has been a reason to put emergentism on a par with vitalism and to condemn it without
further consideration to the waste-basket.
In the following sections, I will show that there are very good reasons to accept the first,
empirical, thesis of emergentism (thesis 1) but to reject the second, epistemological one
(thesis 2). This not only bereaves the contradistinction, in this respect, between holism and
reductionism of its basis, but also opens the way to co-operation of holistic and reductionistic
research programmes.
5.3
5.3.1

Emergence and reduction: a contradiction?
Emergent properties

On the ground of thesis 1 above, it is not difficult to find examples of emergent properties,
not only in biology but also in physics and chemistry.
To start with the example provided by Huxley (1868; cited in Mayr 1982, p. 63): the
properties of water, its ’aquosity’ (liquidity, transparency), can indeed be called emergent with
respect to the component hydrogen and oxygen atoms, because these parts do not possess
them, neither separately nor in other partial combinations. However, the example is even more
interesting, because it actually involves three levels of organization, viz. the level of water,
the level of H2O molecules, and the level of hydrogen and oxygen atoms. On both higher
levels, we can speak of emergent properties with respect to the next lower level. As I have
argued in chapter 4, water has properties which H2O molecules do not possess (to which we
can now add: neither separately nor in other partial combinations) and in order to arrive from
the level of H2O molecules at the level of water we need to aggregate over large numbers of
these molecules and we need a correlation hypothesis about interactions between these
molecules under certain temperature conditions. And H2O molecules in turn have properties
not possessed by their component hydrogen and oxygen atoms, such as the ability under
certain temperature conditions to interact with one another to form water and under different
conditions to interact with one another to form ice or water vapour. Thus, at both higher
levels we can speak of emergent properties.
The example is a special case of the more general example of the chemical affinity of
molecules. This too can be called an emergent property, viz. of wholes of atomic nuclei and
the electrons moving around them, which their component parts do not possess, neither
separately nor in other partial combinations. For each type of molecule has its own specific
74

Emergence and reduction
chemical affinity, the ability to react or not to react with other types of molecules. And for
each type of molecule this can be called an emergent property, because their component parts
do not possess them, neither separately nor in other partial combinations. Put differently, it
is only in the specific combination in which the parts occur in the whole that the whole
molecule exhibits the emergent properties it does, that is, has the specific chemical affinity
it has.
And what applies to molecules applies of course also to macro-molecules (a distinction
which is vague anyway). Each type of macro-molecule has its own specific chemical
properties which its component (sub-)molecules do not possess (neither separately nor ...
etcetera). One may think of, for instance, the catalytic properties of enzymes and certain other
proteins. These can be called emergent properties because their component amino-acids do
not possess them, neither separately nor in other partial combinations. In the next chapter I
will deal extensively with an example of this, to wit the allosteric properties of hemoglobin
molecules.
Another example is provided by Bunge (1977) in the form of a length of copper wire which
has certain bulk properties such as high electrical conductivity and brilliance. These too can
be called emergent properties, since they are not possessed by the constituent copper atoms
(neither ... etcetera). The same applies of course to properties of other metals (the example
of gold as a collection of Au atoms mentioned by Causey; see the former chapter), as well
as to properties of ’other partial combinations’, such as alloys. Each of these substances or
compounds has its own specific properties, which their constituent parts do not possess (and
which distinguishes each of them from other partial combinations).
And what applies to metals, applies of course also to other substances. A nice example in
this connection is the paradox of Eddington’s desk. Eddington, a famous atomic physicist,
wondered how on the one side he was able to write on his desk while on the other side he
’knew’ that the thing consisted of atomic nuclei and electrons moving around them. The
paradox can be reduced to the emergent properties of desks, in particular the property of not
yielding to the pressure of the writer (that is, their solidness or rigidity).
A final example I will provide is the temperature of gases. This too can be called an
emergent property, because the constituent molecules have only such properties as mass,
velocity and kinetic energy. As argued in the former chapter, even for one who accepts the
ontological identification of temperature and mean kinetic energy, mean kinetic energy is a
complex aggregate concept and not a property of individual molecules. In other words, in
order to arrive from the kinetic energy of its molecules at the temperature of a gas we need,
besides the identification hypothesis, a complex, non-trivial aggregation step and this step
guarantees that ’the whole is more than the simple sum of its parts’. The same holds for the
macroscopic pressure of gases. For even for one who accepts the ontological identity of the
macroscopic pressure of gases and the kinetic pressure of their molecules, kinetic pressure is
not a property of individual molecules, but a complex, aggregate concept at the level of large
numbers of molecules. Therefore, macroscopic pressure too can be called an emergent
property of gases.
In short, the phenomenon of emergence is not restricted to complex biological wholes, but
already occurs at even the simplest physico-chemical levels of organization. But if even on
these simple levels we can find so many emergent properties, it is of course not surprising
that the number only increases with the increasing complexity of wholes at higher biological
levels. Assuming the theories of the Big Bang and of chemical and biological evolution we
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might indeed say, with Popper and Mayr, that we live in a world of ’emergent novelty’. If
life, or the complex of properties, processes and phenomena we call life, has indeed
developed from inorganic matter, it is almost by definition emergent. And if mind, or the
complex of impressions, thoughts, emotions, will and intentionality we call mind, is indeed
in some way related to systems of neurons, it is undoubtedly emergent, since, as we assume,
individual neurons do not possess this ’property’.
5.3.2

Emergence: a trivial thesis?

At this point, one might counter that I’ve done violence to the emergence thesis by making
it so universal that it has actually become a rather trivial, or even an extremely trivial, thesis.
Apart from the fact, however, that I have made its domain as universal as that of the theory
of emergent evolution, the thesis may indeed seem trivial. If it is indeed the case that each
whole, whether it be a H2O molecule, a gas, enzyme, desk, tree, bird or human being, has
new, emergent properties with respect to its component parts, the emergence thesis may boil
down to the trivial statement that there just happen to be different things in this world and
that we recognize each thing (or type of thing) on the basis of its own, unique, emergent
properties. What other reason than the existence of such properties could we possibly have
for calling the one thing ’A’ and the other ’B’?
This reading of the (contemporary version of the) emergence thesis would be in line with
a remark made by Nagel (1982) regarding the theory of emergent evolution. Nagel notes that
if this theory is read as an empirical claim about qualitative changes of things associated with
spatial redistributions of things (where one might think of redistributions of sub-atomic
particles in atoms, atoms in molecules, molecules in macro-molecules, etcetera), "so that
spatial changes are ipso facto also alterations of the "properties" of the things redistributed",
then "the doctrine of emergence barely escapes collapse into the trivial thesis that things
change" (Nagel 1982, p. 376).
Thus, when we put the contemporary and evolutionary versions of the doctrine next to each
other, we appear to be dealing with the following two ’trivialities’: (1) there are different
things; and (2) things change. One may find this, along with Nagel, trivial, in my view,
however, it is not trivial at all! For after all, the existence of the diversity of things, inorganic
as well as organic, and particularly the development of the one out of the other (’something’
out of ’nothing’; ’order’ out of ’chaos’) is actually still one of the greatest scientific and
philosophical puzzles. It is one thing to assume the phenomenological theories of chemical
and biological evolution, to explain them is quite another thing. The details of these processes
are still to a large extent unknown. Although today of course we also have an explanatory
theory at our disposal (the theory of natural selection supplemented with modern population
genetics) to explain these processes in principle, the theory’s chief problem remains that the
history of these processes is largely inaccessible to empirical research.
In other words, the above ’trivialities’ actually boil down to the grand old questions: how
did the diversity of natural things come into being and how, if at all, can we explain the
coming into being of things at higher levels of organization in terms of theories about lower
levels? That is to say, the ’trivialities’ actually point to nothing but the reduction problem, or,
better, the range of reduction problems, in science.

76

Emergence and reduction
5.3.3

Reduction of emergent ’properties’37

Thus, in my view the emergence thesis is a valid, non-trivial and universal empirical thesis
about the occurrence of new properties at each higher level of organization. However,
acceptance of the universal domain of the thesis (thesis 1 above) implicates that the
irreducibility claim (thesis 2), which is coupled to the thesis by most holists (emergentists),
is untenable! For many of the properties of wholes, which may now be justly called emergent,
have been proved to be explainable in terms of micro-theories about their components parts.
The ’aquosity’ or fluidity of water cannot be deduced from the properties of individual
hydrogen and oxygen atoms, but it can be deduced from their interactions into H2O molecules
and from the interactions between large numbers of H2O molecules under certain temperature
conditions. All one needs for this is the theory of chemical bonding, supplemented by the
suitable bridge principles in the form of correlation and identification hypotheses.
More generally, the chemical affinity of molecules can be explained in terms of the theory
of chemical bonding and this theory can be reduced to quantum chemistry (Zandvoort 1986b).
And as a special case, the catalytic properties of enzymes can also be explained in terms of
this theory, supplemented by correlation hypotheses about interactions between these enzymes,
their substrate and certain inhibitor molecules. As mentioned, I will discuss an example of this
in chapter 6.
The emergent properties of a length of copper wire can be "explained by solid-state physics
in terms of the copper crystal lattice and the electrons wandering through it. In a sense then
the physics of copper bodies has been reduced to quantum mechanics, the basis of solid-state
physics" (Bunge 1977, p. R79). A similar reduction applies to the emergent properties of all
other solid bodies (macroscopic objects), such as Eddington’s desk.
Finally, as we have seen in chapter 3, the ideal gas law can be reduced to the kinetic gas
theory with the help of, first, a hypothesis in which one aggregates in a non-trivial way from
the kinetic energy of individual molecules to their mean kinetic energy, second, a hypothesis
relating mean kinetic energy to temperature, and third, a hypothesis relating kinetic pressure
to macroscopic pressure.
In biology too, there are innumerable examples of reductive explanations of emergent
properties, such as the many physiological explanations of life functions of organisms and the
many genetic explanations of phenotypical traits of organisms. The enormous growth of
biochemistry and molecular biology in the past decennia is of course characteristic in this
respect, as are the more recent developments of molecular genetics and particularly, whether
one likes it or not, of gene technology.
Although these examples do not preclude the possibility that there are emergent properties
which cannot (or cannot yet; see below) be explained in terms of micro-theories, they do
indicate that the irreducibility claim of the doctrine of emergence is untenable.

37

I have put the term properties between parentheses, because it is not properties that are
being reduced but predicates (the conceptual representations of properties; see Mahner &
Bunge 1997, chapter 1). See chapters 3 and 4 and see below in the main text.
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5.4

Ontological and epistemological aspects of emergence and reduction

We may conclude, then, that the empirical component of the doctrine of emergence (thesis
1) is a valid, universal thesis, which is, however, not contradictory to the reduction thesis.
Two points are of the greatest interest, however. Firstly, it is important to note that
explanations of emergent properties generally require, in addition to a micro-theory, at least
one but more often several auxiliary hypotheses in the form of aggregation and transformation
rules (correlation and/or identification hypotheses). Secondly, it is of even greater importance
that, as argued extensively in chapter 4, it is not properties or things that are being reduced,
but representations (concepts) of properties or things. I will elucidate both points.
5.4.1

Emergence versus ontological identity

In chapter 3 I have noticed, following Kuipers (1990), that an explanation is also called a
reduction if at least one of the steps approximation, aggregation or identification occur. I have
also noticed that there are no known examples of law or theory reduction in which only an
identification step occurs, and that in all known cases of identificatory reduction the
identification step is always accompanied or preceded by another step. In heterogeneous
micro-reductions this is always an aggregation step. In the above mentioned examples of
reductive explanations of emergent properties one may have noticed that they also always
seem to require aggregation, correlation and/or identification hypotheses (in addition to the
reducing micro-theory). Especially correlation hypotheses about interactions between parts
generally seem to play an important role.
The major conclusion of chapter 4 was, moreover, that if concept reductions are to involve
(only) identification hypotheses they cannot be micro-reductions. It follows that if we are
dealing with (heterogeneous) micro-reductions, they must involve more than just identification
hypotheses.
I think we can now link these conclusions to the empirical (ontological) thesis of
emergentism, that a whole has emergent properties which the component parts do not possess,
neither separately nor in other partial combinations. That is, we can now explicate the claim
that the whole is more than the sum of its parts in the sense that a whole has emergent
properties which its component parts do not possess, neither separately (no ontological
identity) nor when simply added together (no trivial aggregation) nor in other partial
combinations (correlations with other entities). It is only in the specific combination in which
the parts occur in the whole, resulting from, we can now say, their specific mutual
interactions (correlation), that the emergent properties of the whole appear. In other words,
in order to arrive from the properties of the parts at the emergent properties of the whole we
generally need non-trivial aggregation and/or correlation hypotheses (possibly in addition to
identification hypotheses). Nagel too notices that this fact, that suitable bridge principles must
be added to a reducing theory in order for a reduction to succeed (his condition of
connectability), "illustrates what is perhaps the central thesis of the doctrine of emergence"
(Nagel 1982, p. 372).
Thus we can draw the conclusion that it is only when an identification hypothesis (and
possibly a trivial aggregation hypothesis) is the only bridge principle used in a reduction, that
we cannot talk of emergence at the level of the whole, and, hence, that we can talk of
emergence at the level of the whole if in a reduction more than just an identification
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hypothesis (and possibly a trivial aggregation hypothesis) is being used. On these grounds,
it is even very difficult to find examples of properties of wholes that are not emergent. The
only example I can think of is the mass of a whole: this is exactly equal (ontologically
identical) to the sum of the masses of its parts. In all other cases, in which there is more than
simple addition and identification, we can talk of emergence at the level of the whole. In
other words, the conclusion we can draw is that emergence is the opposite of ontological
identity.
A perhaps even more interesting conclusion, that follows from the above considerations, is
that if there were no emergence, there would be no (micro-)reductions! For if there were only
ontological identities in this world (that is, if there weren’t any different things or attributes),
there would be no reason for us to even think of reductions. Consequently, there must be
more than just ontological identities to even bring the question of reduction in sight.
All of this means that we can define the concept of emergence also in epistemological terms
(in addition to the basic, ontological definition). This definition should (a) account for the
original empirical content of the concept (thesis 1 above); but also (b) account for the fact
that many emergent properties have been proved to be explainable in terms of micro-theories
and bridge principles; and (c) not preclude the possibility that there are emergent properties
which are not (yet) thus explainable. The definition satisfying these conditions is an extended
and amended version of the one provided by Pluhar (1978).
According to Pluhar (1978, p. 286), a property may be called emergent "if and only if its
instantiation is either (1) (..) irreducible to micro-theory or (2) reducible to micro-theory in
conjunction with merely correlatory bridge laws". Apart from the fact that in my view the
word "merely" in the second disjunct of this definition is rather misplaced (stemming from
a time when identification hypotheses were considered of more interest in reductions than
correlations), Pluhar intends to indicate with this second disjunct that a property cannot be
called emergent if it (or its instantiation) is reducible to a micro-theory in conjunction with
an identification hypothesis.
As to the first disjunct, it should be noticed that irreducibility may be a temporary matter,
since the question whether or not a reduction is successful depends on the theories and bridge
principles available at a certain time. It is very well possible that some property may not be
explainable in terms of some micro-theory T1 and bridge principles BPx at time t1, but is
explainable in terms of another micro-theory T2 and bridge principles BPy at time t2.
Consider, for instance, that thermodynamics was not reducible to the mechanics of around
1700, but meanwhile has been reduced to modern statistical mechanics (see also Nagel 1982,
pp. 343-5, 361-4).
Furthermore, Pluhar’s definition is in need of amendment in the sense that it doesn’t take
into account the aggregation step which always occurs in micro-reductions. As mentioned
before, this step may consist of a simple, trivial addition or a more complicated, non-trivial
aggregation. Now when the transformation step in a heterogeneous micro-reduction is a
correlation step, the aggregation step may be either trivial or non-trivial to allow us still to
talk of emergence at the level of the whole. For even when the aggregation step is a trivial
addition, the correlation step guarantees that ’the whole is more than the sum of its parts’.
However, when the transformation step is an identification step, the aggregation step must be
a non-trivial aggregation if we are to have emergence at the level of the whole. For again, a
property cannot be called emergent if it is explainable in terms of a micro-theory in
conjunction with trivial addition and identification, because then it is ’exactly equal to the
79

Chapter 5
sum of the properties of its parts’ (such as in the case of the mass of a whole).
Thus we can define an emergent property as a property of a whole which is either (1) not
explainable in terms of a micro-theory or (2) explainable in terms of a micro-theory in
conjunction with (a) a non-trivial aggregation hypothesis and an identification hypothesis or
(b) a correlation hypothesis (and either a trivial or a non-trivial aggregation hypothesis).
5.4.2

Reduction without levelling

As argued above, emergence may be seen as the opposite of ontological identity. In this sense
the empirical thesis of emergentism may be seen, within the confines of epistemological
verificationism (see 4.4), as an ontological thesis. It pertains to the things or substances we
assume reality to be made up of, and to the properties or, if one wishes, the ’natures’ we
attribute to these things or substances. Reduction, on the other hand, is an epistemological
issue. As argued extensively in the former chapters, reduction pertains to the logical relations
between concepts, laws or theories. Thus, it is extremely important to realize that it is not
things or properties that are being reduced, but either concepts of them or statements about
them. Nagel (1982, pp. 364-5) also points out that reduction, as a thesis concerning logical
relations between theories, should not be confused with the notion that properties are thereby
being reduced. This notion is misleading, according to Nagel, because their is no way of
knowing the properties or ’natures’ of things without stating (postulating) them by some
theory. "Accordingly, whether a given set of "properties" or "behavioral traits" of macroscopic
objects can be explained by, or reduced to, the "properties" or "behavioral traits" of atoms and
molecules is a function of whatever theory is adopted for specifying the "natures" of these
elements" (Nagel 1982, p. 365).
I think that a great deal of the resistance amongst holists against reduction stems from the
fact that they confuse the epistemological meaning of the term reduction with its everyday
meaning: levelling, lessening, or diminishing (such as in sales reductions). The idea is then
that in a scientific reduction not only concepts, laws or theories are being reduced, but also
the ontologies to which they refer and that this involves, moreover, some sort of diminishment
or even the elimination of these ontologies (a notion, by the way, to which many philosophers
have contributed by talking about ontological reduction; see the former chapter). This is a
serious misunderstanding. As argued in chapter 3 (section 3.4.2), in all types of reduction,
excepting instrumentalistic reductions (where with the replacement of one theory by the other
also the ontologies change), nothing changes at the level of the ontology of the reduced law
or theory. The properties, things or phenomena to which a law or theory refers do not
disappear, change or diminish in any way with the reduction of that law or theory. Reduction
is a kind of explanation, not of explaining-away. On the contrary. As also argued in chapter
3, in all types of reduction, excepting perhaps approximative reductions, the reduced law or
theory is actually being consolidated or even reinforced by the reducing theory, and this
consolidation or reinforcement is transferred, so to speak, to its ontology. In the case of
approximative reductions one could say, moreover, that a corrected version of the reduced law
or theory is being consolidated.
Suppose that we would actually be capable of reducing the theory by which we specify what
we actually mean by ’life’ to, say, molecular genetics. Would we then stop living or live less
of a life? Or suppose that we would be capable of reducing our ’theory of the mind’ to, say,
neurophysiology. Would we then stop having minds, have less mind or be less mind-ful? I
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dare not put my hand into the fire, that gases still have a temperature, even though this
property has been theoretically reduced to the kinetic energy of molecules.
Thus, the reduction of laws or theories concerning higher levels of organization (wholes)
to theories concerning lower levels (parts) does not mean that the higher levels themselves
are thereby being reduced, or that they are being eliminated, diminished, lessened, or
whatever. As stated by Bunge (1977, p. R79), "Reduction does not imply levelling: it relates
levels instead of denying that they exist". "..reduction, to be legitimate, must account for
emergence and not deny it. In particular, even if we succeed in explaining life in chemical
terms, and thought in biological terms, we want to stay alive and think rather than die or be
mindless. In short, we want reduction without levelling" (Bunge 1977, p. R81).
5.5
5.5.1

Methodological aspects of reduction
Analysis versus synthesis?

Acceptance of on the one hand the emergence thesis (as an empirical or ontological thesis)
and on the other hand the fact that it does not contradict the reduction thesis, means that we
can couple an ontological pluralism (the recognition of emergent entities and properties at
higher levels of organization) to a moderate form of epistemological and methodological
reductionism.
This strategy has been formulated by Bunge in terms of the following two methodological
rules: "Rule 1. Start by studying every system on its own level. Once you have described it
and found its patterns of behaviour, try to explain the latter in terms of the components of the
system and the mutual actions among them. Rule 2. Look for relations among theories, and
particularly for relations among theories concerning different levels. Never skip any levels.
If reduction (full or partial [see below]) fails, give up at least pro tempore" (Bunge 1977, p.
R80).
Radical reductionists accept the second part of the first rule but reject the first part and the
second rule. Radical holists, at the other side, welcome the study of higher levels, but reject
the element of reduction in both rules. As to the latter point, however, the question is whether
we are not dealing with either one of the caricatures existing about holists (whether sketched
by themselves or by others) or a confession of faith which has little or no meaning in actual
research practice. Whatever scientific practice may be, it consists at least of attempts to
understand and explain certain aspects of reality, which is usually preceded by description and
classification. Thus, unless holists place themselves emphatically outside the context of
science (which may apply to some New Age holists, but certainly not to biologists such as
Mayr), they will generally join in such attempts. According to Nagel, in doing so they make
use of the so-called analytic method, "the use of the so-called "abstractive method" - by
concentrating on a limited set of properties things possess and ignoring (at least for a time)
others, and by investigating the traits selected for study under controlled conditions.
Organismic biologists [holists, RL] also proceed in this way, despite what they may say, for
there is no effective alternative to it" (Nagel 1982, p. 445). This makes them in a certain
respect, methodologically speaking, to moderate reductionists. This is confirmed by Popper
who states that "The use of holistic experimental methods (such as cell transplantations in
embryos), though inspired by holistic thought, may well be claimed to be methodologically
reductionist" (Popper 1974b, p. 271).
Holists incidentally advocate a so-called ’synthetic’ research method, but it is not clear what
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they mean by that. A synthesis is the putting together or assemblage of separate components
into a certain whole. Apart from the fact that this is, at least according to holists themselves,
impossible (for after all, the whole is more than the sum of its parts), one shall first have to
make an analysis before he can come to a synthesis.
A stronger claim may be that in biology it is often easier, and more appropriate or useful,
to explain the component parts, properties or behavioral traits of organisms in terms of (their
function in) the whole than it is to explain the whole in terms of its parts. Such functional
explanations are indeed very common and seem to be indispensable in biology. And because
they do not appear in physics and chemistry, they make up an important argument in the
holistic plea for biology’s autonomy (but see chapter 7).
5.5.2

Co-operating research programmes

All that has been said above does not at all imply that reductionism is salvational. On the
contrary. To put is bluntly, philosophically or methodologically speaking, reductionism is a
failure, at least in its radical form. There are four more or less coherent reasons for this claim.
Firstly, radical reductionism is characterized by either the denial of the existence of
emergent entities, properties and phenomena at higher levels of organization or the denial of
the importance of studying them. One can easily imagine the annoyance of holists in this
respect: "When a well-known Nobel laureate in biochemistry said, "There is only one biology,
and it is molecular biology," he simply revealed his ignorance and lack of understanding of
biology" (Mayr 1982, p. 65).
Secondly, before we can even think of a reduction, there must first be something to be
reduced! Before we can even think of micro-reductions, we will first have to have macro-laws
and -theories that call for such reductions. And of course these macro-laws and theories must
first be discovered or developed. In other words, "Before we can even attempt a reduction,
we need as great and detailed a knowledge as possible of whatever it may be that we are
trying to reduce. Thus before we can attempt a reduction, we need to work on the level of
the thing to be reduced (that is, the level of "wholes")" (Popper 1974b, p. 283; compare also
rule 1 of Bunge above).
That is to say, we must first have ’holistic’ research at the level of the whole before we can
even think of attempts at reduction. This point may seem as trivial as the emergence thesis,
but it is so neither. It means that holism and reductionism, when characterized in terms of
research programmes which are directed at, respectively, the whole and its component parts,
do not so much exclude as complement each other. Even stronger, they are mutually
dependent. Reductionistic research programmes depend on holistic programmes for providing
macro-laws or -theories to be reduced, and holistic research programmes depend on
reductionistic programmes for carrying out these reductions (that is, for providing deeper
explanations of these laws or theories).
The model with which this mutual dependency can be described is Zandvoort’s (1986a)
model of co-operating research programmes. This model applies to research programmes
which are directed at different domains or at different levels of organization, contrary to
programmes which are directed at the same domain, which are often competing programmes.
The terminology to characterize co-operating research programmes and their mutual relations
is that of guide programmes and supply programmes. A guide programme is a programme
that points the way to some problem which it cannot resolve itself, for example, the
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description of certain phenomena which it has discovered but cannot explain. Such a
programme is called a guide programme, because it acts as a guide, so to speak, for one or
more other programmes which may attempt to solve the problem. A supply programme is a
programme that succeeds in solving a problem that was raised at the level of a guide
programme, for example, by providing an explanation of the phenomena discovered by the
guide programme. Such a programme is called a supply programme because it supplies the
guide programme with a solution to its problem.
There is a mutual dependence between guide and supply programmes in the sense that the
former need the latter for solutions to their problems, while the latter need the former for
generating these problems. Naturally, this is not to say that both types of programmes cannot
also operate independently of one another, at their own respective levels, but when it comes
to relations between levels, they are mutually dependent.
When we apply this model to reduction problems, we can say that holistic research
programmes will generally act as guide programmes for reductionistic supply programmes by
discovering or developing macro-laws or -theories at the level of some whole which they
cannot, however, for lack of the appropriate means, explain themselves. In such cases,
reductionistic programmes will act as supply programmes for these holistic guide programmes
if and in so far as they succeed in developing adequate micro-theories and suitable bridge
principles with which these macro-laws or -theories can be explained. In the next chapter I
will discuss an example of heterogeneous micro-reduction in biology which nicely illustrates
this co-operation and mutual dependence of holistic and reductionistic research programmes.
5.5.3

Partial reduction

Thirdly, radical reductionism is a failure because successful reductions, especially
heterogeneous micro-reductions, are extremely rare, even within and among physics and
chemistry (Popper 1974b; Bunge 1977, 1982), not to mention biology, therefore. The reason
for this is that, apart from the fact that the discovery or development of macro-laws and theories in biology appears to be no easy matter, not only developing appropriate microtheories proves to be extremely difficult, but also finding the right bridge principles in the
form of aggregation and transformation hypotheses. It will be clear that this problem increases
with the increasing complexity of higher levels. I will illustrate this point further in the next
chapter.
Fourthly, and finally, successful reductions (of theories) are not only rare but also almost
always incomplete or partial, even in physics (Popper 1974b; Bunge 1977; Zandvoort 1986b).
As Popper (1974b, p. 260) puts it, "hardly any major reduction in science has ever been
completely successful: there is almost always an unresolved residue left in even the most
successful attempts at reduction". This means that only part of a theory to be reduced, only
some of its statements, follow logically from the reducing theory (and auxiliary hypotheses),
but others don’t.
What applies to physics applies a fortiori to higher level sciences such as biology. Though
today many biological phenomena can be explained partially in physico-chemical terms,
successes which are reflected in the afore-mentioned growth of biochemistry, molecular
biology and molecular genetics, even the reduction of Mendelian genetics to molecular
genetics is still extremely problematic and incomplete. If even such ’small step’ reductions
are so problematic, then it is of little or no use racking one’s brain about ’large step’
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reductions38, such as advocated by some radical reductionists: the complete reduction of
psychology and sociology to biology, of biology to chemistry, and of chemistry to physics.
Radical reductionism is characterized in this respect by extremely unrealistic research
programmes, such as the full reduction of all other sciences to physics as proposed by
members of the Vienna Circle or, conversely, the full reduction of all other sciences to
psychology as proposed by Ernst Mach (see Bunge 1977, p. R80).
There is another sense in which many reductions are partial, which is that they concern only
a part of the domain of the theory to be reduced while other parts have yet to be reduced. Of
course, this is no argument against reduction in itself, but it does mean that for concrete
insights in the domain of some macro-theory that has not (yet) been reduced, one can turn
only to this macro-theory itself, or to the ’holistic’ research programme that has this theory
as its hard core. And this in turn means that as long as a macro-theory has not been
completely reduced, that is, as long as its ’in principle reducible’ domain is larger than its
reduced domain, the relevant holistic programme will always have a lead on reductionistic
programmes (Zandvoort 1986b). This point, too, will be illustrated in the next chapter.
5.6

Summary and conclusion

One of the chief contradistinctions between holism and reductionism in biology is the one
between the emergence thesis and the reduction thesis. Holists embrace the emergence thesis
but reject the reduction thesis. Reductionists embrace the reduction thesis but reject the
emergence thesis. I have argued, contra reductionists, that the emergence thesis is a valid and
universal ontological (empirical) thesis, which is, however, contra holists, not contradictory
to the reduction thesis. I have even argued that emergence may actually be seen as the
opposite of ontological identity and that, therefore, we couldn’t even conceive of microreductions if there were no emergence. Finally, I have argued that holism and reductionism,
when characterized in terms of research programmes which are directed at, respectively, the
whole and its constituent parts, are mutually dependent and, therefore, should co-operate.
Reductionistic programmes depend on holistic guide programmes for providing macro-laws
and theories that call for deeper explanations (reductions), and holistic programmes depend
on reductionistic supply programmes for providing these deeper explanations. In part 2 of this
book I will apply this thesis to holistic and reductionistic research programmes in ecology.
In the next chapter I will apply it to relations between programmes in animal physiology,
molecular biology and physical chemistry.

38

The terms ’small step’ and ’large step’ reductions were suggested to me a long time ago
by Theo Kuipers.
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CHAPTER 6
CO-OPERATING RESEARCH PROGRAMMES: REDUCTION OF THE BOHR
EFFECT
6.1

Introduction

In this chapter I will illustrate my claim that holism and reductionism should rather be seen
as co-operating and mutually dependent research programmes than as conflicting views of
nature. I will do so by discussing a concrete example of heterogeneous micro-reduction in
biology (which, for a change, doesn’t come from genetics). The example concerns the
reduction of a law in animal physiology which is called the Bohr effect and which pertains
to the rates at which oxygen is taken up and released by the blood. I will show that this law
has been reduced, with the help of the requisite bridge principles, to a theory of molecular
biology, viz. the theory of allostery, and that this particular application of the theory of
allostery has been reduced, again with the help of the requisite bridge principles, to the theory
of chemical bonding. I will also show that at least six research programmes were involved
in this reduction and that the relations between these programmes can be described perfectly
in terms of the model of co-operating research programmes discussed in the former chapter.
I have adopted the example from Rosenberg (1985, chapter 4), but the interpretation, in terms
of reduction steps and co-operating research programmes, is mine.
6.2
6.2.1

Oxygen uptake by the blood
The Bohr effect

The example I will discuss is especially interesting because it pertains to one of the major life
functions of life performances or organisms, namely their respiration. In the respiration of
mammals (amongst others) oxygen is taken up from the environment by the lungs, absorbed
by the blood and transported to the various tissues of the body, where it is used in energy
producing reactions which allow the body to work properly and to perform actions. In the
same reactions wastes are produced in the form of CO2 molecules and hydrogen ions which
are taken up by the blood and transported in the reverse direction to the lungs where they are
breathed out.
At the beginning of this century the physiologists C. Bohr and J.S. and J.B.S. Haldane
discovered that the rate at which oxygen is taken up and released by the blood is higher than
one would expect on the grounds of simple diffusion, which would be determined only by the
oxygen pressure, that is, the concentration of oxygen present. They discovered that the
oxygen-binding capacity of the blood is determined not only by the oxygen pressure but also
by the pH, that is, the concentration of hydrogen and CO2. At high concentrations of these
wastes (at the capillaries in muscle tissue) the blood releases oxygen more quickly than would
be expected on the grounds of the oxygen pressure alone. And at the lungs, where CO2 and
hydrogen escape and where oxygen is present in surplus supply, oxygen is taken up more
quickly by the blood. Thus, at high oxygen pressure and low acidity (high pH) (at the lungs)
oxygen is taken up more quickly by the blood and at low oxygen pressure and high acidity
(low pH) (at the capillaries) oxygen is released more quickly by the blood. This is called the
Bohr effect.
These physiologists had discovered an important regularity, but they couldn’t explain it.
They couldn’t explain why oxygen is taken up and released more quickly by the blood than
expected. Thus, a problem was raised at the level of a physiological research programme
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which could not be solved by that programme itself. The physiologists had no idea of the
mechanism underlying the uptake and release of oxygen by the blood. The solution to this
problem has come much later from the side of molecular biology. In the course of about three
decades molecular biologists have succeeded, literally bit by piece, in solving the problem.
6.2.2

The role of hemoglobin

From biochemical research it was long known that the uptake of oxygen by the blood rests
with the binding of O2 molecules by iron atoms in hemoglobin molecules, which are proteins
occurring in red blood cells. With the help of special analysis techniques, such as x-ray
crystallography and electrophoresis, molecular biologists have been able, after decades of hard
labour, to unravel the structure and composition of hemoglobin molecules. This allowed them
to explain the Bohr effect.
Hemoglobin is a protein and like all proteins is made up of long chains of amino acids. It
appears that a hemoglobin molecule consists of four sub-units, two of which are called α
hemoglobin and the other two ß hemoglobin. Each of these sub-units consists in turn of two
parts, a heme group and a globin molecule. A heme group is a relatively small molecule, a
porphyrin molecule, containing an iron atom (to which an O2 molecule can bind). A globin
molecule is a long chain of approximately 140 amino acids which is bent and folded around
the heme group in a specific, asymmetrical way. The difference between the α and ß subunits lies in the nature of certain of the amino acids, but this is of no particular interest here.
It appears that the specific oxygen-binding properties of hemoglobin molecules, their
function, is determined completely by their form and that this form is determined completely
by the nature of the amino acids in the globin-chains, by the order in which they appear and
by their chemical properties: whether they are positively or negatively charged and hence
whether they attract or repel one another, whether they are hydrophilic (water soluble) or
hydrophobic (not water soluble), and whether they contain smaller or larger sub-groups in
their side-chains. In other words, once the identity of the separate amino acids is established and this can be done with the afore-mentioned analysis techniques - it is possible from their
properties and their order in the globin-chains to derive the complete, three-dimensional
structure of the whole hemoglobin molecule. All one needs for this is the theory of chemical
bonding (and information about the molecular milieu). With this theory it is possible to
determine exactly where the globin molecules will bend, turn, overlap on themselves and
come into contact with the heme groups and with each other such that the three-dimensional
shape of the whole hemoglobin molecule results.
One may start picturing a globin molecule as a linear sequence of amino acids. In this form
molecular biologists talk of the primary structure of hemoglobin. This is the form in which
these molecules appear as a result of the chemical analyses and it is also the form determined
by the genetic code on the basis of which hemoglobin molecules are synthesized.39
Besides this primary structure molecular biologists also distinguish a secondary, tertiary and

39

There are presently 23 different amico-acids known. The nature of each of them is
determined by a specific combination (triplet) of 3 nucleotides in a DNA strand. The total
order of amino-acids in a protein (its primary structure) is determined by the total order of
nucleotides in DNA strands that code for the protein’s synthesis.
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quaternary structure of hemoglobin. The secondary structure is the bent, twisted and folded
structure of the globin-chains which result from the chemically possible covalent bonding
angles between the separate amino acids. The tertiary structure is the shape of the molecule
that results from intermolecular forces between amino acids that were far apart in the primary
structure but are brought together in the secondary structure. The quaternary structure, finally,
is the product of ionic bondings between amino acids in the four sub-units which result in
them being packed together in the hemoglobin molecule as a whole. This too is determined
completely by the properties of the amino acids and their order in the globin-chains, given,
of course, a certain molecular environment. The quaternary structure is the eventual threedimensional shape of a hemoglobin molecule and it is this shape that determines its specific
oxygen-binding properties.
Before I go into those properties, it is of interest to point to a remarkable similarity in the
hemoglobin molecules of different animal species. Although the hemoglobin molecules of all
animal species differ in the order of most of the amino acids in their globin-chains, they are
identical (homologous) in structure at nine of the approximately 140 amino acids per globinchain. And it appears that just these nine amino acids principally determine the secondary and
hence the tertiary and quaternary structure of hemoglobin as a whole. Substitutions can be
found at all other positions in the primary structure (though not just any substitutions: one
polar amino acid may replace another, or one hydrophilic amino acid may replace another),
but at the nine points of the secondary structure where the primary structure begins and ends,
bends, turns, overlaps on itself and comes into contact with the heme group, the amino acids
of all hemoglobin molecules, within and across different animal species, are the same. Thus,
it is principally to these nine amino acids that hemoglobin owes its three-dimensional shape
and therefore its function (though of course the other amino acids are also required). These
nine amino acids are ’conserved’, as it is called. I will explain the significance of this later.
6.2.3

Allosteric effects

As mentioned, each of the four sub-units of a hemoglobin molecule has a heme group
containing an iron atom to which a O2 molecule can be bounded. Thus a total of four O2
molecules can be bounded to one hemoglobin molecule. Now it appears that the binding of
one O2 molecule to one of the iron atoms in a hemoglobin molecule facilitates, and hence
accelerates, the binding of three other O2 molecules to the other iron atoms in the molecule.
This phenomenon is called positive co-operativity. However, positive co-operativity is just
another name for the phenomenon to be explained (the Bohr effect) and the question is
therefore what the underlying mechanism is.
The theory with which molecular biologists can explain positive co-operativity is the theory
of allostery. This theory was developed in the beginning of the sixties by Jaques Monod and
his colleagues (Monod et al. 1963) to explain the specific activity pattern, the catalytic
properties, of certain enzymes and other proteins. According to this theory, certain enzymes
have two spatially separated bonding places called allosteric bonding places: one can be
occupied by the substrate, that is, the substance which is regulated by the enzyme, and the
other can be occupied by an inhibitor. The characteristic property of these enzymes is that the
binding of the inhibitor leads to changes in the shape of the enzyme such that the binding of
the substrate is prevented, and vice versa. These changes of shape are called allosteric
transitions.
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Such allosteric transitions appear to occur also in hemoglobin molecules. The substrate in
this case is formed by O2 molecules and the inhibitor appears to be a small molecule which
was selected by Benesh and Benesh in 1967 and which is called 2,3 DiPhosphoGlycerate, or
DPG for short. This molecule rests on the symmetry axis between the four sub-units of
hemoglobin and can be bound to it or not. For DPG has three negatively charged groups
which can be bounded to three particular amino acids in the ß sub-units of a hemoglobin
molecule. When that happens, the ß sub-units change their shape and these changes are
transferred to the α sub-units attached to them. As a result, the iron atoms are being pushed
in a position where it is difficult for O2 molecules to bind. But the effect is symmetrical. Once
an iron atom captures an O2 molecule, and the chances for that are highest at the lungs,
because there oxygen is present in surplus amounts, then its heme group is shifted to a new
shape by the effects of the presence of the O2 molecule. This change of shape is transferred
to the α and ß sub-units, causing the three positively charged amino acids at the interface of
the ß sub-units to be pushed away from the DPG molecule. The cavity between each of the
sub-units is narrowed and the DPG molecule is being extruded. As a result, the iron atoms
in the other sub-units are exposed more readily to oxygen, allowing three more O2 molecules
to bind.
The reverse process occurs in the tissues, where the concentrations of CO2 molecules and
H+ ions are high. These can bind to three particular amino acids in each of the sub-units and
when that happens, the shape of the sub-units changes again such that a DPG molecule is able
to bind again. As a result, the iron atoms in the heme groups are pushed into a position where
their affinity for O2 molecules is strongly lowered leading to the accelerated release, one by
one, of four O2 molecules.
Since both processes occur in a large number of hemoglobin molecules, the overall result
is exactly the Bohr effect: accelerated oxygen-uptake at the lungs and accelerated oxygenrelease at the tissues. Incidentally, one needs again the theory of chemical bonding to explain
the various interactions between hemoglobin, DPG, O2 and CO2 molecules and H+ ions. Thus,
with the help of this theory and the theory of allostery molecular biologists have been able
to solve the problem that arose at the level of the physiological programme: how to explain
the Bohr effect.
I will later reconstruct the explanation in terms of Kuipers’s (1990) reduction steps, but first
illustrate my claim that this explanation resulted from the co-operation of holistic and
reductionistic research programmes and that these programmes were mutually dependent.
6.3
6.3.1

Reconstruction
Co-operating research programmes

It will be clear that in the reduction of the Bohr effect the physiological programme acted as
a holistic guide programme. It provided a description of certain (emergent; see below)
phenomena at a macro-level, the rate of uptake and release of oxygen by the blood, which
it could not explain itself, and thus guided the way to a problem which it could not solve
itself. For this solution it depended on the programme of molecular biology with the theory
of allostery as a hard core. Because this programme succeeded in solving the problem, it
acted as a reductionistic supply programme for the physiological guide programme. It was
itself dependent on the guide programme, however, for generating the problem.
Actually, however, the example is much more complicated, and hence more interesting,
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because it involved at least six research programmes. Apart from the physiological and the
molecular programme, these were the biochemical programme, the programmes of x-ray
crystallography and electrophoresis, and the programme of structural chemistry with the
theory of chemical bonding as a hard core.
The biochemical programme played an essential intermediary role by showing that the
uptake of oxygen by the blood rests with the binding of O2 molecules to hemoglobin
molecules. This was important information for the physiologists which gave them a better
understanding of how oxygen was taken up by the blood. Thus the biochemical programme
acted as a supply programme for the physiological programme. At the same time, however,
it acted as a guide programme for the molecular programme, because it indicated at which
type of molecules molecular biologists should direct their attention. Thus the biochemical
programme played a role as an ’interlevel’ bridge programme by acting as a guide programme
to the physiological programme and as a supply programme to the molecular programme.
Thereby, we see that a programme can be at the same a guide programme and a supply
programme.
The same applies to the molecular programme. For this programme acted on the one hand
as a supply programme for the physiological programme. On the other hand, to be able to
play that role it needed the techniques and theories of other programmes and therefore acted
as a guide programme for those other programmes. In the first place, it needed the
programmes of x-ray crystallography and electrophoresis to supply the required analysis
techniques and the accompanying measuring theories with which the structure of hemoglobin
molecules could be unravelled. In the second place, it needed the programme of structural
chemistry which provided the theory of chemical bonding. With this theory it was not only
possible to derive the three-dimensional shape of hemoglobin from the order and properties
of the amino acids in the globin-chains, but also to derive the allosteric effects of hemoglobin
from its interactions with DPG, O2, CO2 and hydrogen ions. Thus both the programmes of xray crystallography and of electrophoresis and the programme of structural chemistry acted
as supply programmes for the molecular programme. I will return later to the fact that a
programme can be at the same time a guide programme and a supply programme.
It is worth mentioning that there is a difference between on the one hand the programmes
of x-ray crystallography and electrophoresis and on the other hand the programme of
structural chemistry. For the former are examples of experimental supply programmes whereas
the latter is an example of a theoretical supply programme. Theoretical supply programmes
provide specific theories with which phenomena at the level of a guide programme can be
explained, or, put differently, with which laws or theories at this level can be reduced.
Experimental research programmes on the other hand provide measuring techniques and
accompanying measuring theories with which the phenomena can be empirically investigated.
Thus, they play an essential role in the accomplishment of reductions, but they do not take
part in the actual reductions (as logical relations between laws and theories) themselves
(Zandvoort 1986a,b).
Thus, we see that in the present example there is a certain stratification of six research
programmes and that the relations between these programmes can all be described in terms
of the model of co-operating and mutually dependent research programmes. In figure 3 I have
pictured these various programmes and the relationships between them.
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Figure 3: The various research programmes involved in the reduction of the Bohr effect and
their mutual relations.
6.3.2

Reduction steps

I will now reconstruct the example in terms of Kuipers’s (1990) reduction steps. As in chapter
3 I will discuss the various steps in the reverse order, that is, starting with the application of
the (lowest) reducing micro-theory.
The first step can be sketched as an integrated application and aggregation step. In this step
the theory of chemical bonding is applied to the component parts (amino acids and porphyrin
molecules) of a hemoglobin molecule, and the various interactions (bondings) between these
parts are aggregated in a complex, non-trivial way. Several auxiliary hypotheses are thereby
being used, in particular hypotheses specifying the initial conditions and the boundary
conditions of the ’system’. These concern the primary structure of a hemoglobin molecule,
that is, the natures (chemical properties) of the amino acids and the order in which they
appear in the globin-chains, the nature (chemical properties) of the heme groups (porphyrin
molecules), and the molecular milieu in which they occur. By applying the theory of chemical
bonding to this system of sub-molecules one can specify precisely which of them will attract
and which of them will repel each other and where, as a result, the globin-chains will bend,
turn, overlap on themselves and come into contact with each other and with the heme groups.
By aggregating all the interactions one can derive from the primary structure the secondary,
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tertiary and quaternary structure, respectively, of the whole molecule.
It will be clear that the aggregation step is complicated and non-trivial, because it involves
various types of interaction between a large number of different types of sub-molecules, which
have to be ’summed up’ in a complex, non-trivial way. Actually this step can be seen as a
sequence of individual applications of the theory of chemical bonding followed by an
aggregation of these applications. It would go much too far to try and spell out all these
applications and the entire aggregation process, because then I would have to specify the
chemical properties of approximately four times 140 molecules and then sum up all the
atomic and molecular forces and bondings between them. One can imagine the enormous
effort it must have taken first to unravel the structure of hemoglobine and next, from the
pieces, to derive the shape of the whole molecule.
As it is impossible (and also unnecessary) here to spell out the various amino acids by name
and surname, I will formulate the result of this step as the aggregated regularity (to be called
L1) that if these particular amino acids are being synthesized in this particular order, then,
given a certain molecular milieu containing porphyrin molecules, a specific three-dimensional
structure appears: a hemoglobin molecule.
The next step is a transformation step and more in particular a correlation step. In this step
the allosteric effects of a hemoglobin molecule are being derived from its interactions with
a DPG molecule, O2 molecules, CO2 molecules and H+ ions. For the sake of simplicity I will
call one such complex of a hemoglobin molecule, a DPG molecule, O2 and CO2 molecules
and H+ ions, a hemoglobin complex. In the present step a correlation hypothesis is being used
which actually consists of a causal sketch of the various interactions between the component
parts of one such complex. I have already given this sketch in 6.2.3 and will not repeat it
here. (Actually this step is equivalent to the application of the theory of allostery to a
hemoglobin complex, but I will go into that later, in 6.3.3). The result of this step is a
regularity (L2) stating that if the oxygen pressure is high and the acidity is low (that is, high
pH), then the binding of one O2 molecule to one of the iron atoms in a hemoglobin molecule
leads to the accelerated binding of three more O2 molecules to the molecule, and that if the
oxygen pressure is low and the acidity is high (low pH), then the binding of CO2 molecules
and H+ ions to a hemoglobin molecule leads to the accelerated release of four O2 molecules.
This regularity concerns only one hemoglobin complex and therefore, in view of the following
step, can be called an individual regularity.
For the next step is again an aggregation step. In this step the allosteric effects of a large
number of hemoglobin molecules are being aggregated. Contrary to the first aggregation step,
the present one consists of a simple addition. The result is the aggregated regularity (L3) that
at high oxygen pressure and low acidity the binding of O2 molecules to hemoglobin molecules
leads to the accelerated binding of more O2 molecules to hemoglobin molecules, and that at
low oxygen pressure and high acidity the binding of CO2 molecules and H+ ions to
hemoglobin molecules leads to the accelerated release of O2 molecules by hemoglobin
molecules.
The final step is again a transformation step, but now in particular an identification step. In
this step the information provided by the biochemical programme is being used that the
uptake of oxygen by the blood rests with the binding of O2 molecules to (iron atoms in)
hemoglobin molecules. This information acts as a bridge principle in the form of an
identification hypothesis (’ontological identity relation’). However, as has become clear in
chapter 4, we have to be very careful in formulating identification hypotheses. In the present
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case there are two possibilities of formulating the relation, namely as a thing-identity (the first
obvious possibility) or as an attribute-identity. As a thing-identity the relation would be that
the binding and release of O2 molecules by hemoglobin molecules is identical to the uptake
and release of oxygen by the blood. However, this seems to me incorrect, since the uptake
and release of oxygen by the blood involves much more that just the binding and release of
O2 molecules by hemoglobin molecules. It involves the breathing in of air (containing
oxygen) by the mouth or nose and the lungs, diffusion of oxygen to the blood vessels,
absorption by the red blood cells and then the binding of O2 molecules by hemoglobin
molecules; and next the transport (by means of, among other things, the beating of the heart)
of the blood to the tissues, where, as far as oxygen binding is concerned, roughly the reverse
process occurs in the capillaries. Thus, the most we could say is that the uptake and release
of oxygen by the blood is partially identical to the binding and release of O2 molecules by
hemoglobin molecules. But I think the identity is better formulated as an attribute-identity.
For after all the Bohr effect is not so much concerned with the uptake and release of oxygen
by the blood as with the rates at which this occurs. Formulated as an attribute-identity the
relation then states that the rate at which O2 molecules are being bounded and released by
hemoglobin molecules is exactly the same as (identical to) the rate at which oxygen is taken
up and released, respectively, by the blood. With the help of this bridge principle the
following regularity (L4) can now be derived: at high oxygen pressure and low acidity oxygen
is taken up more quickly by the blood and at low oxygen pressure and high acidity oxygen
is released more quickly by the blood. L4 is the Bohr effect.
6.3.3

Application or correlation?

As already mentioned, the above correlation step can also be seen as the result of the
application of the theory of allostery to a hemoglobin complex. We can draw two interesting
conclusions from this.
Firstly, it means that actually with the first two reduction steps (integrated application and
aggregation, and correlation) the theory of allostery, applied to a hemoglobin complex, has
been reduced to the theory of chemical bonding. And this in turn means that the reduction of
the Bohr effect does not consist of one heterogeneous micro-reduction but is actually
composed of two such reductions: (1) the reduction of the Bohr effect to the theory of
allostery (through application, aggregation and identification) and (2) the reduction of the
theory of allostery, applied to hemoglobin, to the theory of chemical bonding (through
integrated application and aggregation, and correlation).
The second conclusion is more intriguing and leads to some complexities and relativisms.
This conclusion is that, apparently, a certain step in a reduction can be seen as on the one
hand an application step and on the other hand a correlation step. For the step which, starting
from the theory of chemical bonding, must be called a correlation step (the causal sketch of
the interactions between the component parts of a hemoglobin complex) must be called an
application step when starting from the theory of allostery. This application step leads to
exactly the same causal sketch, and hence the same result, as the correlation step starting from
the theory of chemical bonding.
Whether we call this step a correlation step or an application step depends on the level of
organization which we take as a starting point for the reduction. When we start from the
primary structure of hemoglobin, the theory of chemical bonding is the (lowest) reducing
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micro-theory and the theory of allostery then acts as a correlative auxiliary hypothesis
connecting the theory of chemical bonding with the Bohr effect. However, when we take as
a starting point (initial condition) not the primary structure of hemoglobin but a hemoglobin
complex, then the step first described as a correlation step now becomes an application step,
consisting of the application of the theory of allostery to this complex. And then the theory
of allostery would not act as a correlative hypothesis but as the (then lowest) reducing microtheory. And it is a reducing micro-theory, for what we would get then is simply the first of
the two above-mentioned heterogeneous micro-reductions.
The same phenomenon can be seen at the level of the application of the theory of chemical
bonding to the primary structure of hemoglobin. I have referred to the first reduction step as
an integrated application and aggregation step and, when starting from this primary structure,
this seems to me a correct qualification. As I said before, this step can be seen as a sequence
of individual applications of the theory of chemical bonding (to different types of interactions
between different types of sub-molecules) followed by the aggregation of the results of these
applications. However, the step might just as well be called a correlation step. For after all,
it relates to interactions between the component parts of a hemoglobin molecule and it
actually consists of a same sort of causal sketch as that of the interactions between the
component parts of a hemoglobin complex. However, we can call this step a correlation step
only when we would take another starting point for the reduction. For when we wouldn’t take
as a starting point the primary structure of hemoglobin but, say, the point at which the
synthesis of the separate amino acids begins, as determined by the genetic code for the
production (synthesis) of hemoglobin, then it would not be the theory of chemical bonding
playing the role of (lowest) reducing theory, but molecular genetics. And the causal sketch
of the forming of the quaternary structure of hemoglobin out of, consecutively, its primary,
secondary and tertiary structure, which can be given on the basis of the theory of chemical
bonding, would then play the role of a correlation hypothesis. Thus, when starting from the
primary structure of hemoglobin, this step may be called an (integrated) application (and
aggregation) step, but when starting from a lower level it may be called a correlation step.
The point is, of course, that both the theory of allostery and the theory of chemical bonding
are inherently causal theories that have interactions between molecules as their domain.
Applications of such theories to their own domain (or level of organization) lead to inherently
causal sketches (c.q. explanations) which, however, given the fact that they are applications,
cannot be called correlation steps. However, when viewed from a lower level of organization,
and starting from a ’lower’ reducing micro-theory, they can be called correlation steps. This
reasoning, if correct, indicates that a certain theory can play the role of both a reducing
micro-theory and a correlation hypothesis and that the qualification of a theory as either a
reducing micro-theory or a correlation hypothesis depends on the level of organization relative
to which it is considered. I will return to this point later, because it is related to another point,
namely the relativity of the terms ’holistic’ and ’reductionistic’ when applied to theories or
research programmes (see 6.4.2).
6.3.4

Emergence

After all that I have said about emergence in chapter 5, it should come as no surprise that the
present example deals with emergent properties or phenomena. Yet the interesting question
is at which level(s) of organization emergence occurs.
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In chapter 5 I have argued that we can talk of emergence at the level of the whole iff a
micro-reduction takes place with the help of either non-trivial aggregation (and identification)
and/or correlation. On these grounds we can establish that in the present example emergence
occurs at both the level of (the quaternary structure of) hemoglobin molecules with respect
to their component parts (porphyrin molecules and globin molecules, or their component
parts) and the level of the Bohr effect (blood) with respect to the level of hemoglobin
molecules. For in order to arrive at the structure of hemoglobin as a whole from the properties
of its component parts we need non-trivial aggregation of interactions between these parts (or
correlation). And in order to arrive at the specific oxygen-binding properties of the blood (the
Bohr effect) from the properties of hemoglobin molecules we need, besides trivial aggregation
and identification, correlation (interactions with DPG etcetera). In the first case the non-trivial
aggregation step guarantees that we can talk of emergence at the level of the whole, in the
second case the correlation step does so.

Figure 4: Reduction steps and levels of organization involved in the reduction of the Bohr
effect.
I have summarized the various reduction steps and the levels of organization they relate in
figure 4.
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6.4
6.4.1

Concluding remarks
Reduction: construction or reconstruction?

The reduction of the Bohr effect is a nice example of heterogeneous micro-reduction of a
macro-law about emergent biological phenomena, and it is also a nice example of the mutual
dependence of holistic and reductionistic research programmes. The first conclusion we can
draw from the example is therefore that neither an exclusively holistic nor an exclusively
reductionistic research strategy is sufficient for the clarification and understanding of
phenomena at a certain level of organization and, hence, more generally, for the growth of
knowledge. Both strategies are separately insufficient and jointly necessary. The best global
strategy seems to be, therefore, a mixed strategy where holistic research of higher levels is
supplemented or alternated by reductionistic research of lower levels, depending upon the
state of the art and the developmental stages of the respective disciplines.
It can be seriously questioned, however, whether macro-laws or theories in biology, such
as the Bohr effect, could ever be derived from (reduced to) micro-theories if the former were
not discovered or developed first! In other words, it can be seriously questioned whether
macro-laws or theories could ever be constructed on the basis of micro-theories. This is the
more unlikely, since it would require the formulation of bridge principles connecting terms
in a micro-theory with terms in an as yet unknown macro-law or theory! Suppose that we
would know nothing at all about the uptake and release of oxygen by the blood. Would we
then ever be able to derive something like the Bohr effect from the theory of chemical
bonding alone, or even from the theory of allostery alone? Would the theory of allostery have
ever been developed had there not first been recordings of the specific catalytic effects of
enzymes and other proteins? This seems to me highly unlikely. Although the possibility of
reductions as constructions cannot and should not be ruled out completely (and there appear
indeed to be examples, such as Dalton’s prediction of the law of multiple proportions)40, it
seems more likely to me that reductions like the one discussed here will generally be
reconstructions, that is, explanations-after-the-fact of first discovered or developed macro-laws
or theories.
If this is correct, it would mean that the most plausible course of things, the most general
pattern of development, is that one starts with holistic research at the level of some whole,
resulting in macro-laws or theories about this whole, followed by reductionistic research at
the level of the component parts, and interactions between them, leading to micro-theories and
bridge principles with which the macro-laws or theories can be explained. This would once
more illustrate my thesis that reductionistic (supply) programmes are dependent upon the
fruits of holistic (guide) programmes (and vice versa).
It is interesting, and illuminating, in this respect to return once more to the formulation of
the doctrine of emergence by Mayr (1982), that is, to the claim that "the characteristic
behaviour of the whole could not, even in theory, be deduced from the most complete
knowledge of the parts" (see 5.2.1). I have agreed with Nagel (1982) that the empirical

40

This example was pointed out to me by Theo Kuipers. He also pointed out, however,
that the ’holistic’ laws of Lavoisier and Proust were discovered first, and that after the
successful reduction of those laws by Dalton’s theory, no new terms were needed to predict
the law of multiple proportions.
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component of the doctrine (the theory of emergent evolution or its ’contemporary’
counterpart) should be distinguished from the epistemological claim about the unpredictability
(or irreducibility) of ’emergent’ properties at higher levels of organization. We can now
conclude that emergentists may be right in the sense that it is unlikely that higher-level
properties or phenomena can be predicted (or ’construed’) on the basis of micro-theories
alone. However, prediction or construction is something different from reduction in the sense
of reconstruction (explanation-after-the-fact).
6.4.2

’Holism’ and ’reductionism’

I have noted in section 6.3.3 that the qualification of a (causal) theory as either a reducing
micro-theory or a correlation hypothesis depends on the level of organization relative to which
it is considered. The theories of chemical bonding and of allostery are inherently causal
theories which, when applied at their own level of organization (or domain), can play the role
of reducing micro-theories, but also, when viewed from a lower level, the role of correlation
hypotheses.
This point is related to another conclusion we can draw from the example, namely that the
terms ’holistic’ and ’reductionistic’, when applied to theories or research programmes, are also
extremely relative in the sense that they too should always be related to a certain given level
of organization. For instance, molecular biology counts as the paradigm of reductionistic
research programmes in biology, but this is true only if the programme is related to higherlevel programmes such as physiology. At the same time, it can be characterized as ’holistic’
when related to lower-level programmes such as physical chemistry. In the present example,
the molecular programme acted on the one hand as a reductive (’reductionistic’) supply
programme for the physiological programme, but on the other hand as a ’holistic’ guide
programme for the programme of structural chemistry. The theory of allostery acted on the
one hand as a reducing micro-theory with respect to the Bohr effect, but on the other hand
as a ’holistic’ correlation hypothesis connecting the theory of chemical bonding with the Bohr
effect.
Maull (1977) and Darden and Maull (1977; see also Bechtel 1986, 1988, 1993) have argued
that there is an important role in science for complex, so-called ’interfield’ or ’interlevel’
theories which relate ’fields’, disciplines or levels with one another without, however,
reductions taking place. They mention the theory of allostery in particular as such an
’interfield’ theory connecting biochemistry with physical chemistry. In their view this does
lead to unity of science, but thus without reductions. The present example makes clear,
however, that the qualification ’without reductions’ can be left out. The theory of allostery
can indeed be seen as a ’holistic’ interfield or interlevel theory, connecting biochemistry with
physical chemistry, but on the other hand it is a causal, reducing theory with respect to
enzyme kinetics in physiology. Moreover, in its specific application to hemoglobin, the theory
itself has been proved to be reducible to the theory of chemical bonding. Thus, there need be
no conflict between the notion of interfield or interlevel theories and the reduction thesis (see
also Schaffner 1993a, who is also sympathetic towards the notion of interfield theories, but
who has incorporated them in his general reduction model).
What was said of molecular biology applies also to biochemistry. Biochemistry, too, is
generally seen as reductionistic, which indeed it is when related to, for example, physiology.
However, in the reduction of the Bohr effect the biochemical programme also played the role
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of a ’holistic’ guide programme for the molecular programme (and the programmes of x-ray
crystallography and electrophoresis) and certainly for the programme of structural chemistry.
The same applies also to physiology. For physiology is generally considered to be ’holistic’
with respect to molecular biology, not to mention molecular genetics or physical chemistry.
At the same time, however, it counts as ’reductionistic’ with respect to, for example, ethology
or behavioral ecology. In the same way and more in particular neurophysiology counts as
’reductionistic’ with respect to psychology, but is ’holistic’ when related to, say, physical
chemistry.
In short, whether a theory or programme is to be characterized as ’holistic’ or
’reductionistic’ depends primarily on the level of organization relative to which it is
considered. A theory or programme can be ’holistic’ with respect to a lower level but at the
same time ’reductionistic’ with respect to a higher level.
6.4.3

Partial reduction

As noted in the preceding chapter (section 5.5.3), most reductions are partial and not
complete. Of course, this does not apply to reductions of laws, but to reductions of theories.
Reductions of theories are almost always partial, either in the sense that only part of a theory
can be derived from another theory plus auxiliary hypotheses (Popper 1974b; Bunge 1977),
or in the sense that only part of the domain of a theory is reduced (Zandvoort 1986b). The
latter is also the case with the reduction of the theory of allostery. For as we have seen it is
not the theory of allostery that has been reduced to the theory of chemical bonding, but only
its specific application to hemoglobin molecules. The domain of the theory is much larger
than just hemoglobin molecules, however, and includes all allosteric enzymes and other
proteins. Though the reduction of its application to hemoglobin is not the only example, and
it may even be that at present the majority of its applications has been reduced, still the
number of successful reductions of the theory’s applications is smaller than the total number
of applications. In other words, the successfully reduced domain of the theory is still smaller
that its in principle reducible domain. Now nothing appears to stand in the way of the further
reduction of this in principle reducible domain except the troublesome and time-consuming
analyses of the respective proteins that have to be performed. However, as long as these
analyses have not been completed we can only speak of a partial reduction of the theory.
Of course this is not an argument against reductionism, but it does mean that as long as the
in principle reducible domain of a macro-theory is larger than its successfully reduced
domain, we can only turn to this theory itself for concrete insights into its as yet to be
reduced domain, that is, to the ’holistic’ theory or to the ’holistic’ programme that has this
theory as its hard core. And this in turn means that as long as this programme is still in active
development, it will always, or at least for a long time, stay a few steps ahead of the reducing
programme. A possible fear on the part of holists, that they loose their research area by the
activities of reductionistic programmes, seems therefore largely ungrounded. Moreover, even
when a macro-theory is reduced completely, it it still much more convenient to work with this
theory than with the reducing micro-theory: it is much more convenient to talk about
allosteric proteins, or about allosteric properties of proteins, than to use the equivalent terms
of structural chemistry (see also Zandvoort 1986b).
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6.4.4

The function of hemoglobin

To conclude this chapter it should be noticed that the reduction of the theory of allostery, and
thereby also the reduction of the Bohr effect, is incomplete in yet another respect. This
concerns the nine amino acids per globin molecule which appear to be principally responsible
for the ultimate three-dimensional structure of hemoglobin (see 6.2.2). As mentioned, the
hemoglobin molecules of different animal species differ in most of the approximately 140
amino acids per globin-chain, but nine of them are identical in all species, that is, rest on the
same positions in the globin-chains. The reduction is incomplete because it leaves unexplained
why just these nine amino acids have been ’conserved’ and why not more or less, or why not
others. That is not to say that there is no explanation for this. There is. But this explanation
states that exactly these nine amino acids are principally responsible for the ultimate shape
of hemoglobin molecules and hence for their allosteric effects and hence for their function.
However, this is not a causal, reductive explanation in terms of the theory of chemical
bonding, but a functional explanation in terms of the contribution of these amino acids to the
structure of hemoglobin molecules as a whole (and hence to the role of these molecules in
oxygen transport by the blood).
This applies in general to the macro-molecular structures investigated by molecular
biologists. For the time being molecular biologists are forced to take the specific compositions
of these molecules, their primary structure, as given, to accept them as initial conditions. Most
of these molecules can presently be described completely in chemical terms, and chemical
laws and theories can be applied to them, such as in the case of hemoglobin molecules. But
the reason for their specific composition can as yet not be given without reference to their
function in the larger biological whole (see also Schaffner 1969a; Rosenberg 1985, chapter
4).
Because functional explanations are extremely controversial and are used by holists as an
argument in favour of the autonomy of biology, whereas reductionists maintain that they are
to be replaced by ’standard’ causal explanations, the next chapter will be devoted entirely to
the role and status of functional explanations in biology.
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FUNCTIONAL EXPLANATIONS IN BIOLOGY
7.1

Introduction

In this chapter I will deal with the last of the alleged contradistinctions between holism and
reductionism in biology, namely the one between functional explanations (holism) and causal
explanations (reductionism).
There is an enormous amount of literature in which the status of functional explanations in
biology is being discussed.41 The major reason for this is that functional explanations appear
not to meet the standard view of explanations as developed in the tradition of the logical
positivist philosophy of science, to wit the structure of causal, deductive-nomological
explanations (Nagel 1961/82; Hempel 1965; Salmon 1984). Two different and opposite
conclusions are being drawn from this. Adherents of the standard view, whom I have earlier
called, with a term of Rosenberg (1985), provincialists, conclude that functional explanations
are non-scientific pseudo-explanations which must be replaced by causal explanations. Their
opponents, whom I have called autonomists (Rosenberg 1985), insist that functional
explanations are indispensable in biology and that, therefore, biology is an autonomous
science. But still a science and not a pseudo-science.
Although there appears to be no one-to-one correspondence between on the one side
provincialists and reductionists and on the other side autonomists and holists - there are, for
instance, autonomists who do not call themselves holists (Ayala 1968, 1974) - it is true that
both parties view functional explanations as obstacles to the reduction of biology to physicochemistry. Moreover, functional explanations are the prototype of explanations illustrating the
holistic claim that one should explain entities of biological levels of organization not only in
terms of causal mechanisms on lower levels, but also in terms of their relations to (functions
in) the larger whole. For these reasons, I am prepared to say that autonomists are at the same
time holists, whether they like it or not. In the rest of this chapter I will therefore keep on
using the terms reductionists and holists to characterize the parties involved in the debate.
In this chapter I will argue on the one hand, contra reductionists, that functional
explanations in biology are indeed indispensable and, moreover, perfectly legitimate
explanations, while on the other hand, contra holists, they provide no obstacles to the
reduction of macro-laws or theories in biology. On the contrary, they contribute to such
reductions. I will also argue that in the context of functional explanations, too, holistic and
reductionistic research programmes co-operate and are mutually dependent.

41

The main sources are: Broad 1925; Sommerhoff 1950, 1974; Braithwaite 1953;
Dobzhansky 1955, 1973; Mayr 1961, 1963, 1974, 1982; Taylor 1964; Bock and von Wahlert
1965; Nagel 1961/82; 1977; Tinbergen 1963, 1976; Hempel 1965; Williams 1966; Ayala
1968, 1970; Ruse 1973; Hull 1974; Cummins 1975; Bennett 1976; Woodfield 1976; Wright
1976; Brandon 1981; Kitcher 1981; Lewontin 1981, 1983; Rosenberg 1982, 1985; Millikan
1984, 1989; Sober 1984; Futuyama 1986; Kuipers 1986, 1992/3; Woodward 1989; MaynardSmith 1990; Neander 1991; Wouters 1995.
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7.2
7.2.1

Analyses of functional explanations
Functions, goals and intentions

In the literature several types of ’non-standard’ explanations are recognized, which are (or are
not) being ranked under the names of functional, teleological and intentional explanations.
The differences between these types are not immediately clear and the boundaries between
them are vague. Thus, an example of a functional explanation is: ’Vertebrate animals carry
hemoglobin in their red blood cells because it allows them to bind and release oxygen more
quickly’. An example of a teleological explanation (in the strict sense of an explanation of
goal-directed behaviour or a goal-directed process) is: ’Woodpeckers peck on the barks of
trees in order to find larvae of insects’. And an example of an intentional explanation is: ’Paul
went to his favourite pub in order to meet his friends there’. These explanations have in
common that at first sight they all seem to appeal to something, a function, effect or goal, that
lies in the future. As future things cannot be considered antecedent conditions, these
explanations cannot be called causal explanations. Still, there are important differences, not
only in the contents but also in the structure of these explanations.
The clearest difference appears with respect to intentional explanations, because, as the
name indicates, they pertain to intentions and because intentions are usually ascribed only to
humans or at most to some other ’higher’ or intelligent animals. Intentional behaviour may
be generally described as some action A performed by person P in order to reach a goal G.
This goal G may be seen as some future state of affairs which is desired by P. However, it
can also be seen as an internal mental state of P, which, together with the other internal state
of ’wanting G’ and the belief that action A will contribute to reaching G, is a causal
determinant of A. According to Nagel (1977; see also Woodfield 1976), this type of
explanation is therefore actually a species of causal explanation: "though the occurrence of
the action A can be explained teleologically, the explanation is ostensibly a species of causal
explanation. For, by hypothesis, the action is initiated because the agent desires a certain goal
and also believes that the action will contribute to its production" (Nagel 1977, p. 264). The
’desire’ and the ’belief’ are antecedent conditions, causal factors, of action A.
According to Nagel (1977), the same applies also to other teleological explanations in the
sense of explanations of goal-directed or purposeful behaviour of, or goal-directed processes
in, organisms. "Explanations of this sort are often said to be "causal". They resemble in
structure, though not in specific content, typical explanations in the physical sciences. As the
example just considered [the maintenance of homeostasis in blood temperature; RL] suggests,
they are like the latter in accounting for the occurrence of some phenomenon by deriving the
statement of its occurrence from assumed laws (or general hypotheses), when these are
conjoined with statements of relevant initial conditions. Putting all this briefly, one sort of
explanation is in terms of antecedent conditions and causal laws; and goal-directed processes,
among other things, can in principle be explained in this way. Explanations of this type are
not distinctive of the life sciences, they are found in all branches of inquiry, and there is
nothing teleological about them" (Nagel 1977, p. 277; see also Cummins 1975; Rosenberg
1985).
Nagel states, however, that this does not apply to the third type of ’teleological’ explanation,
viz. functional explanations, because in this type the explanans is a certain effect of the
property, trait or behavioural pattern to be explained, which can not be seen as an antecedent
condition or cause of this property, trait or behavioural pattern (Nagel 1977, pp. 277-301).
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Although he nonetheless maintains that functional explanations are legitimate explanations,
in a sense he thereby retreats from his earlier position that functional explanations too can be
reconstrued as causal, deductive-nomological explanations (Nagel 1961; see below in section
7.2.4).
The distinction upon which Nagel’s (1977) analysis is based is the one between ’goal
ascriptions’ (intentional explanations and teleological explanations sensu strictu) and ’function
ascriptions’. I have strong doubts about this distinction, however. Nagel provides, among
others, the following examples of goal ascriptions: "The goal of the pecking of woodpeckers
is to find larvae of insects" and "The goal of the activities in various animals of the
sympathico-adrenal apparatus as well as of certain cells in the pancreas, is to keep the
concentration of blood sugar within relatively narrow limits". However, without loss of
meaning or intent, we might just as well replace the term ’goal’ by the term ’function’ in
these statements. Nagel also notes that "escape from a predator is said to be the goal of a
hare’s flight from a hound, but survival itself does not appear to have any function" (all
examples in Nagel 1977, p. 263). However, I doubt that there is one biologist who will say
that escape from a predator is not functional. Functions and goals coincide in these cases.
Neither do I believe there is one biologist who will say that survival itself does not have any
function: it is, along with reproduction, the ultimate function in biology.
In spite of these doubts about Nagel’s (and others’) distinction between goal and function
ascriptions, and hence about the distinction between teleological explanations sensu strictu
and functional explanations, I shall, for the moment, go along with him in considering
functional explanations as the (to some perhaps paradoxically enough) most problematic type
of ’teleological’ explanation. Therefore, I will restrict myself in the rest of this chapter to
functional explanations, leaving intentional explanations out of consideration, and dealing with
’teleological’ explanations only in so far as I consider them to be functional explanations as
well. I will show, however, that functional explanations, too, can be reconstrued as causal,
deductive-nomological explanations.
7.2.2

Examples of functional explanation

Functional explanations are always answers to questions of the type ’Why do organisms of
type x have or exhibit property, trait, process or behaviour y?’. The answers (explanations)
are always of the type ’Because y serves for (contributes to, is functional for) z’, implicitly
or explicitly supplemented by the statement that z is necessary for the adequate functioning,
the survival and/or reproduction of x.
Why do vertebrates carry hemoglobin in their red blood cells? Because hemoglobin serves
as a respiratory pigment in oxygen transport and because these animals need oxygen transport
to their tissues in order to produce energy. Why are the nine amino acids per globin-chain
conserved in the hemoglobin molecules of all vertebrate animals? Because they principally
serve for (determine) the shape of hemoglobin molecules and because it is this shape that
determines the specific oxygen-binding properties of these molecules.
An interesting example related to this is the question why flatworms are (so) flat. The
answer is that if these creatures were not flat, oxygen would not diffuse fast enough into their
bodies to allow them to survive. Hence, their flatness serves for adequate oxygen transport
into their bodies and this is necessary for their survival. Put differently, "the organism’s need
for oxygen together with the absence of any means of oxygen transport other than diffusion
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explains why a (hypothetical) flatworm of more than a millimetre thick would not survive"
(Wouters 1995, p. 439). The reverse reasoning holds with regard to the question why larger
(thicker) animals have a circulatory system and respiratory pigments (such as hemoglobin).
The answer is that they are so big that simple diffusion through their skin would not suffice
to supply their tissues with enough oxygen and that, hence, they need a circulatory system
and respiratory pigments to do so.
Other related examples are: Why do mammals, along with birds and reptiles, have lungs?
To take up oxygen from the air, which they need in order to produce energy. For the same
purpose, fish have gills. Why do all these animals have a heart? To pump the blood through
their bodies so that (among other things) oxygen reaches their tissues. Why do plants have
chlorophyll? Because they need chlorophyll to photosynthesize and they need to
photosynthesize in order to (produce sugars and they need sugars in order to) stay alive.
Another well-known example is the explanation of the fanning behaviour of male
sticklebacks. After these males have fertilized their partners’ eggs, they regularly make
fanning movements in front of the nest containing the eggs. The functional explanation of this
behaviour is that, unlike other fish, sticklebacks build a tubular nest which would normally
not be supplied with enough oxygen, that the males’ fanning movements serve to supply the
eggs with enough oxygen, so that they don’t die, and that the males thereby safeguard their
offspring (Tinbergen 1976).
A final example is the explanation of the fact that plovers always seem to lay four eggs, no
more and no less. The explanation, which has required a lot of research, is that the number
of four eggs guarantees an optimal number of offspring because of a balance between on the
one hand the amount of time and energy it takes to raise chicks and on the other hand the
number of chicks that eventually reach reproductive age: if these birds lay less eggs, they
raise less chicks than they could, given the time and energy the raising of chicks takes with
these birds, and when they lay more eggs, relatively less chicks survive per invested amount
of energy than when they lay four eggs.
Biology is shot through with such functional explanations and, as the examples indicate,
they may concern either components parts and properties, traits, etcetera of organisms, or
behavioural patterns they exhibit, as well as processes occurring in them or in their
environment. For simplicity’s sake, however, I will further speak only of explanations of
properties of organisms.
7.2.3

Functions, causes and effects

The main reason for the debate on functional explanations is that they are still laden with the
Aristotelian, teleological view that natural objects are determined not only by so-called
efficient causes, that is, causes preceding their effects, but also by so-called final causes, that
is, causes following in time after their effects. This is a violation of the modern principle of
causal determinism.
Although at first sight functional explanations may give the impression of appealing to final
causes, closer inspection reveals that this is not the case. For the statement that hemoglobin
serves for oxygen transport conforms to the statement that hemoglobin is a (an efficient)
causal factor of oxygen transport and not with the statement that oxygen transport is a causal
factor of the presence of hemoglobin. And the statement that male sticklebacks make fanning
movements in order to supply ’their’ eggs with oxygenated water conforms to the statement
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that the fanning movements are a causal factor of the oxygen supply to the eggs and not with
the statement that the oxygen supply to the nest is a causal factor of the fanning movements.
Thus, functional explanations specify efficient causal relations. In that respect, there is nothing
wrong with them.
Still, as mentioned in section 7.2.1, the problem is that in the explanans of functional
explanations no antecedent conditions or causes of the property to be explained are being
specified, but effects or results: adequate oxygen transport is an effect of, among other things,
the presence of hemoglobin, not a cause. Oxygen supply to the eggs is an effect of the
stickleback’s fanning behaviour, not a cause. For precisely this reason reductionists find
functional explanations unacceptable as scientific explanations. Whether or not based on
efficient causal relations, a reference to the effect of a property does not explain why it is
present. From the fact that hemoglobin is a causal factor of adequate oxygen transport in
vertebrates it does not follow logically or deductively that these animals have hemoglobin.
To a reductionist, functional explanations are unacceptable, because they don’t meet the
condition that something is explained if and only if its cause(s) is (are) being specified.
Effects explain nothing (see in particular Salmon 1984, for an account of causality and of
causal explanations).
Because they are nevertheless of the opinion that there is a valid, deductive argument
involved in functional explanations, several neo-positivist philosophers have tried to
reconstruct functional explanations in terms of the standard model of causal, deductive
explanations. The best-known examples of these are Nagel (1961/82) and Hempel (1965) (but
see also Ruse 1973). In what follows I will first discuss the analyses by these authors and
some of the objections raised against them. After that, I will discuss the alternative, nonstandard analysis by Kuipers (1986, 1997), which does more justice to the specific content
of functional explanations. However, I will also criticize this non-standard analysis and in the
end I will provide my own analysis. I will show that the question whether reductionists are
right in asserting that functional explanations are to be replaced by causal explanations, is
irrelevant, for the simple reason that, in a particular sense to be specified, functional
explanations are causal explanations.
7.2.4

The standard analyses of Nagel and Hempel

Both Nagel (1961/82) and Hempel (1965) have tried to reconstruct functional explanations
as causal, deductive-nomological explanations (though with different intents).42 Characteristic
of such explanations is that the explanandum appears as the conclusion of a deductive
argument. In the case of functional properties this is the statement that organisms of type x
have property y, formally given by H(x,y). In giving the reconstruction schemes of Nagel and
Hempel I will make use of Kuipers’s (1986, 1997) description and notation of them. In both
schemes MP stands for meaning postulate.

42

Nagel aimed to show that functional explanations can be reconstructed as valid
deductive arguments, whereas Hempel aimed to show the opposite.
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Nagel’s scheme looks as follows:
H(x,z)
N(x,y,z)
MP
H(x,y)

organisms of type x have (perform, produce) property (process,
phenomenon, behaviour) z
property y of organisms x is causally necessary for property z
if (Nx,y,z) then: if H(x,z) then H(x,y)
organisms of type x (must) have property y

It should be noted that Nagel’s meaning postulate (MP) is a nomological premise. Its nonformal counterpart states that if property y of organisms of type x is causally necessary for
property z, then, if these organisms have property z they must also have property y.
Hempel’s scheme looks quite different from Nagel’s:
A(x)
organisms of type x function adequately
A(x)→H(x,z)
property z of organisms x is a necessary condition for A(x)
S(x,y,z)
property y of organisms x is causally sufficient for property z
MP
if S(x,y,z) then: if H(x,y) then H(x,z)
----------------------------------------------------------------------------------------------------------------H(x,y)
organisms of type x (must) have property y
The chief difference between these schemes is that Nagel takes functional properties to be
necessary conditions for their effects (property y is causally necessary for property z),
whereas Hempel takes them to be sufficient conditions (property y is causally sufficient for
property z). As a result, whereas Nagel’s scheme (argument) is logically valid (indicated by
the uninterrupted line), Hempel’s isn’t (indicated by the interrupted line): from the fact that
property y is a sufficient condition for property z it doesn’t follow logically that organisms
x have property y.
The reason for this difference is that Nagel did not, whereas Hempel did, take into account
what is generally considered to be the major problem with regard to functional explanations:
the problem of functional equivalents. This problem is formed by the fact that there are often
alternative properties, which are functionally equivalent to the property to be explained, that
is, can fulfil the same function. Vertebrate animals have hemoglobin as respiratory pigment,
but there are invertebrate species who use hemocyanin for the same purpose. There are
animals who breath through lungs, but there are others who use gills for the same purpose,
while plants use stomata for their respiration. Many plant species have chlorophyll for their
photosynthesis, but there also plants (certain algae) who use other pigments (such as
cytochrome) to photosynthesize. Prey may escape from predators by flight but also by
camouflage.
This means that the second premise in Nagel’s scheme is often untrue, that is, that functions
generally may not be regarded as necessary conditions. This relates to another objection that
has been raised against Nagel’s scheme, namely that it implicates a symmetry of explanation
and prediction which in the context of functional explanations generally does not apply: it is
often possible to explain the presence of some property (functionally), but not to predict it.
For their might just as well be a functionally equivalent property and it seems impossible
anyway to predict the evolution of species and their properties.
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Contrary to Nagel, Hempel did leave room for functional equivalents. In doing so, he
escapes from the objections raised against Nagel’s reconstruction but has a high price to pay.
For, as mentioned, his argument is not logically valid: instead of property y organisms x
might just as well have some functionally equivalent property y*. This means that, when
Hempel’s account would nevertheless provide an adequate description of the structure of
functional explanations, these explanations would not contain a valid argument. As this runs
counter to the intuition of most biologists, and also to that of many philosophers, we may
decently conclude that there is something wrong with Hempel’s account. I will return later
to the problem of functional equivalents and to the objections raised against Nagel’s and
Hempel’s accounts, but first discuss Kuipers’s alternative, non-standard account.
7.2.5

Kuipers’s non-standard analysis

Kuipers (1986, 1997) adds to the afore-mentioned objections against Nagel’s and Hempel’s
reconstructions that they assign no particular role to specific functional statements, that they
don’t include an explicit evolutionary component, and that, therefore, they do not correspond
to the actual research practice of biologists. Kuipers claims that his analysis does and thereby
follows more closely the train of thought of biologists. This analysis runs as follows.
It starts with the statement
1. H(x,y)

organisms of type x have property y.

The question following this statement is
2. H(x,y)?

why do organisms of type x have property y?

To biologists this means: what is the function of y? and Kuipers reconstrues this as the
generation of the unspecific functional hypothesis
3. FH(x,y)

property y of organisms of type x is functional.

According to Kuipers, the meaning of this hypothesis can be explicated by the following
meaning postulate

that is, there is a property z such that property y of organisms x is functional for property z.
The question is of course what this specific property z is, that is, what the specific function
of property y is. From the perspective of biology this is of course the tough question, but
philosophically there is not much to say about it, because it belongs to the context of
discovery, to the heuristic phase of research. Suppose, however, that biologists come up with
a specific idea about the function of y. Kuipers reconstrues this as the generation of the
specific functional hypothesis
4. FH(x,y,z)

the (or a) function of property y of organisms x is to contribute to
property z.
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According to Kuipers, this statement can be decomposed in terms of a second meaning
postulate
MP2: FH(x,y,z) ≈ H(x,y) & H(x,z) & P(x,y,z) & P(x,z,∞) .
In this meaning postulate H(x,y) and H(x,z) are descriptive hypotheses (stating that organisms
of type x have properties y and z, respectively) and P(x,y,z) and P(x,z,∞) are supposed causal
relationships (in fact, causal-nomological premises). P(x,y,z) means: property y of organisms
of type x is a positive causal factor for property z. P(x,z,∞) means: property z of organisms
of type x is a positive causal factor for the survival and reproduction (∞) of organisms x.
Based upon the literature, assuming that z does not equal ∞, Kuipers calls P(x,y,z) the
proximate component and P(x,z,∞) the ultimate component of the meaning postulate. He
states that the ultimate component is equivalent to what (evolutionary) biologists call the
survival value or the adaptive value of a property. "More specifically, the claim of the theory
of evolution is that, as a rule, y became a trait of x-organisms due to selection along the lines
suggested by the combination of the ultimate and proximate component" (Kuipers 1986, p.
111).
Naturally, the specific functional hypothesis must be tested for its tenability and this means
that after the preceding heuristic phase a testing phase now starts in which the hypothesis may
be either falsified or verified. When it is being falsified, the biologist has to start again and
come up with a new hypothesis. When it is being verified, he is ready and may go on to the
next research question. In Kuipers’s scheme, this is rendered as
5.1. not-FH(x,y,z)
5.2. FH(x,y,z)!

falsification, back to step 3, or
verification of the specific functional hypothesis: property y of
organisms x is indeed functional for property z.

Finally, there is, in Kuipers’s view, a deductive phase in which the unspecific functional
statement is being derived:
6. FH(x,y)!

property y of organisms x is indeed functional.

This final step occurs with the help of the first meaning postulate and the logical rule of
existential generalization. With this rule, one can derive from the fact that FH(x,y,z) that y
is indeed functional and thereby, given MP1, that FH(x,y).
As noted by Kuipers, this scheme was developed for proximate functional explanations, that
is, for cases in which z is not equivalent to ∞, but it can easily be adjusted to fit ultimate
functional explanations by omitting the proximate component.
7.2.6

Are functional explanations deductive arguments?

The most conspicuous difference with the accounts by Nagel and Hempel is of course that
in Kuipers’s account the product of the functional explanation, its conclusion, is not the
statement about the property to be explained, H(x,y), but the corresponding functional
statement FH(x,y) (or the specific functional statement FH(x,y,z)). I agree with Kuipers that
his reconstruction indeed more closely resembles the train of thought and research practice
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of biologists, and thereby the logic of functional explanations. Nevertheless I find his
reconstruction on a number of points unsatisfying.
This concerns, first of all, the final, deductive step in his scheme, the derivation of the
unspecific functional statement. Kuipers notices himself that "the valid implication of the
corresponding general [unspecific, RL] functional statement .. [is an interesting by-product]:
it explains the philosopher’s conviction that there is, in some way or other, a valid argument
involved [in functional explanations]" (Kuipers 1986, p. 112). There is no way of denying that
this is a valid, deductive argument. However, I don’t think it establishes the deductive
argument involved in functional explanations and I don’t think it is an interesting by-product.
On the contrary, to me it boils down to nothing but a reformulation of the principle of
functionality in biology, which, incidentally, Kuipers refers to himself (p. 112). The purport
of this principle is that, some apparent exceptions notwithstanding (see 7.4.4), properties of
organisms are generally functional, because non-functional or dysfunctional properties will
sooner or later be eliminated from a population by natural selection. However, this is not an
interesting by-product of functional explanations, nor what makes them into valid arguments,
but rather the starting point for investigations into the possible functions of properties. This
is evident also in Kuipers’s scheme, where the generation of the unspecific functional
hypothesis is one of the first steps involved. However, I have never noticed a biologist
deriving from the functional explanation of some property that this property be indeed
functional. Formally, this may be a valid logical step, but to a biologists it is entirely
superfluous and I am convinced that no biologist will claim that this step is the deductive step
(argument) in a functional explanation.
Naturally, this leads to the question what then is the argument involved in functional
explanations, if there is any. Assuming that the argument is not contained in the final step,
my second objection to Kuipers’s reconstruction is that I am unable to find any other
deductive argument in it. Of course, there is a hypothetical-deductive element in the test
phase, but this is unrelated to the structure of the explanation (see 7.4.5). Apart from this,
Kuipers’s reconstruction contains nothing like a deductive argument, while I am convinced
that such an argument is involved in functional explanations.
Clearly (or so I will show), the argument is concealed in Kuipers’s second meaning
postulate, in the proximate and ultimate components of a specific functional statement. In my
view, this meaning postulate is the strong and valuable element in Kuipers’s reconstruction,
since, beside displaying a proximate component, functional explanations always appeal to the
ultimate function of a property, to its contribution to the survival and reproduction of the
respective organisms. In most cases, one can discern both a proximate and an ultimate
component in functional explanations, such as in the examples of the function of hemoglobin
in oxygen transport, the function of the heart in circulating the blood, or the function of the
circulatory system in supplying the tissues with enough oxygen. These are all proximate
components of the corresponding functional explanations, but the major power of these
explanations is that they show that without the property the organisms could not survive and
reproduce themselves. In some cases there is only an ultimate component, such as in the
example of the clutch size of plovers: this relates directly to the reproduction of these birds.
The problem with Kuipers’s meaning postulate is, however, that it is indeed no more than
a formal reconstruction of the meaning of a specific functional statement. It tells us nothing
about the structure of functional explanations. In the following sections I will show in what
sense this structure is hidden in his meaning postulate.
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7.3

The problem of functional equivalents

I think there is a simple reason why, apart from the last step, Kuipers’s reconstruction does
not contain a deductive argument. For the same reason Hempel’s scheme (argument) is invalid
while Nagel’s scheme, though valid, is considered inadequate. Nagel’s scheme is considered
inadequate, because his second premise is considered to be, in general, false: properties of
living organisms are generally considered not to be causally necessary for the respective
function. Hempel’s scheme is invalid, because organisms of type x might just as well have
a functionally equivalent property y* instead of y.
It seems, then, that the major problem underlying the problem of functional explanations is
the problem of functional equivalents. Thus, one will have to solve the latter problem in order
to solve the former.
Now the problem of functional equivalents is unsolvable as long as one assumes that there
are indeed functional equivalents for most properties. It follows that the only way to solve
the problem is by showing that there are no functional equivalents or that they are irrelevant.
In what follows I will provide two arguments in favour of this solution. The first argument
is that, as a rule and contrary to the objection raised against Nagel’s account, properties of
living beings must be considered necessary conditions for their survival and/or reproduction
and that, therefore, functional equivalents are indeed irrelevant. The second argument supports
the first one and boils down to the fact that eventually one will have to provide an answer
to the question why organisms of type x have property y and why not some functional
equivalent property y*. This answer can only be a causal explanation of the presence of y,
but I will show that in this causal explanation the function of y plays an essential role.
7.3.1

The specificity of biological laws

One can explain the presence of hemoglobin in vertebrates functionally in terms of its
contribution to adequate oxygen transport in these animals, and one can explain the adequate
oxygen transport in these animals in terms of, among other things, the presence of
hemoglobin in their red blood cells. In both cases, one appeals to the same causalnomological relationship between the presence of hemoglobin and adequate oxygen transport.
However, whereas the causal explanation is generally considered to be legitimate, that is, in
accordance with the standard view of deductive-nomological explanations, the corresponding
functional explanation is always saddled with the problem that there are also animals
transporting oxygen with the help of hemocyanin.
The reason for this asymmetry is that in the causal explanation it is assumed that the
explanation pertains to vertebrates and not to invertebrates. That is to say, the fact that there
are also invertebrates and that invertebrates transport oxygen by means of hemocyanin is
considered completely irrelevant to the explanation of why vertebrates are able to transport
oxygen by means of hemoglobin. This has everything to do with the restricted domain, the
non-universal character, of most biological laws. Biological laws are often restricted to certain
species, families, classes or at most a phylum (see also van der Steen & Kamminga 1991;
Schaffner 1993b; Tuomivarra 1994; Mahner & Bunge 1997).
To biologists this is not so much a problem as something that is given and must be
accepted. Biological laws may not be universal, they nonetheless pertain to large or very large
numbers of organisms and are therefore interesting regularities. When confronted with the
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causal explanation of oxygen transport in vertebrates, there is no biologist who will ask why
these animals don’t have hemocyanin, nor is there a biologist who, when confronted with the
causal explanation of photosynthesis in green plants, will ask why these plants don’t have
cytochrome. Similarly, when confronted with the functional explanation of hemoglobin in
vertebrates or of chlorophyll in green plants, no biologist will ask why these animals don’t
have hemocyanin or why these plants don’t have cytochrome.43 (As a matter of fact,
biologists may ask these questions, but only after the acceptance of these explanations and
as a subsequent research question.)
Thus the problem of functional equivalents and the associated problem of the specificity of
most biological laws are not so much biological but rather philosophical problems and it is
mostly philosophers who make an issue of it. This is related to a preoccupation among
philosophers with deductive-nomological explanations based on universal laws. However, the
non-universal character of biological laws concerns causal explanations just as much as it
concerns the corresponding functional explanations. Nevertheless, these causal explanations
are generally accepted by philosophers as legitimate deductive-nomological explanations.
Many philosophers, such as Nagel, also accept intentional explanations as legitimate
explanations, even though these explanations, too, appeal to non-universal regularities.
Intentional explanations may even pertain to just a single individual. According to Nagel,
however, they are legitimate causal explanations (Nagel 1977, p. 264; see 7.2.1). The same
applies to explanations of goal-directed behaviour or of goal-directed processes (Nagel 1977,
pp. 277, 299; see 7.2.1). I conclude from this that (a) we may take a more liberal stance
towards the requirement of universality of causal laws, and (b) the non-universal character
of most biological laws is irrelevant to the structure of functional explanations.
7.3.2

Functional equivalents are irrelevant

Given that we are dealing with vertebrates, there really is no functional equivalent for
hemoglobin. If we were to replace hemoglobin by hemocyanin in these animals, they really
wouldn’t survive. Given that we are dealing with mammals, birds and reptiles, there really
is no functional equivalent for lungs. If we were to replace lungs by gills or stomata in these
animals, they wouldn’t survive. Given that we are dealing with green plants, there is no
functional equivalent for chlorophyll. If we were to replace chlorophyll by cytochrome in
these plants, they wouldn’t survive. Given that we are dealing with sticklebacks, there is no
functional equivalent for fanning. If we would force these fish to do what other fish (who
don’t build tubular nests) do, namely to swim around and enjoy life, their eggs wouldn’t
survive.44
In short, given the respective organisms as they are in other respects, there really are no
alternatives to their functional properties. Given that we are dealing with mammals, birds and
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Suppose that all organisms would have the same properties, that is, would have ’found’
the same solutions to the problems of life. Then there would be little left for biologists to
explain, or study at all, for that matter.
44

In providing (justifying) functional explanations, biologists often make use of this kind
of counterfactual reasoning. See also Wouters (1995).
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reptiles, we can derive from the fact that these animals breath and the fact that they cannot
breath without lungs, that they must have lungs. The presence of lungs is accepted as
something that is given in these animals - it is, after all, the property to be explained. That
other types of organisms have gills or stomata is an interesting fact, that leads to the
subsequent research question of why mammals, birds and reptiles have lungs instead of gills
(see 7.4), but it is irrelevant to the functional explanation of lungs.
This means that functional properties may be considered as necessary conditions for the
adequate functioning of the respective organisms after all. The existence of functional
equivalents merely indicates that, on a global level, the presence of a certain property in some
creatures may not be the only way to serve some function. It merely indicates that, globally,
there may be different ways to solve some problem. However, given a certain solution on a
local level, that is, given a certain property in some type of organisms, then, given these
organisms as they are in other respects, this property can be considered a necessary condition
for the survival and/or reproduction of these organisms.
Incidentally, Nagel (1977) seems to have reached the same conclusion: "For example, a
convincing case can be made for the claim that in normal human beings - that is, in human
bodies having the organs for which they are at present genetically programmed - the heart is
necessary for circulating blood; for in normal human beings there are in fact no alternative
mechanisms for effecting the blood’s circulation" (Nagel 1977, p. 292; see also Wouters 1995,
p. 444). As to Hempel’s objections to this view, Nagel notes that "Despite his doubts that
such premises can be validly asserted, he does assume that there are necessary conditions
(such as the elimination of wastes) for the proper working of organisms. He must therefore
have had in mind organisms which are actually found in nature in determinate environments
and which must satisfy certain conditions if they are to flourish. For if we are free to exercise
our imagination and deal with mere possibilities, with no limitations placed on the kinds of
organisms that may be considered, organisms can be imagined that produce no waste
materials and have, in consequence, no need for eliminating them. However, if necessary
conditions can be discovered for the "proper working" of organisms in their natural state,
what reasons are there for doubting, on general principle, that certain organs and other parts
of organisms may be necessary for the performance of the functions that are associated with
those organs and parts? In point of fact, examination of standard treatises on the physiology
of the human body, shows that the great majority of its organs and parts are necessary for
the performance of their several functions" (Nagel 1977, p. 293). To this may be added that
Hempel does take the property z, for which in his view the property y is a sufficient
condition, to be a necessary condition for the adequate functioning of organisms x (see the
scheme in 7.2.4), even though z may just as well be a property for which there are, globally,
functional equivalents.
7.3.3

Functional properties as INUS-conditions

A way to account on the one hand for the existence, on the global level, of functional
equivalents and on the other hand for the claim that functional properties are necessary for
the adequate functioning of organisms, is to make use of Mackie’s (1965) notion of INUSconditions. An INUS-condition is an Insufficient but Necessary part of an Unnecessary but
Sufficient condition. This notion seems perfectly suited for functional explanations and for
the problem of functional equivalents: a functional property can be seen as an insufficient but
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necessary part of an unnecessary but sufficient condition. To stay with the example of lungs:
lungs are insufficient for the breathing of mammals, birds and reptiles (this requires also a
mouth or nose and a windpipe), but they are a necessary part of an unnecessary (there are
functional equivalents) but sufficient condition.
Thus, when we take a more liberal stance towards causality and when we use this
(Mackie’s) notion of necessity, functional properties can indeed be considered necessary
conditions for the adequate functioning of organisms. And this means in turn that, when we
fill in this notion of necessary conditions as INUS-conditions in Nagel’s scheme (see 7.2.4),
functional explanations can be reconstrued as deductive explanations à la Nagel after all.
Naturally, the truth or adequacy of a functional explanation depends (as with any explanation)
on the truth of its premises, that is, in this case, on the truth of the specific functional
statement that a certain property is necessary, but this means only that, as indicated in
Kuipers’s scheme, this statement must be tested for its tenability. Given its verification,
however, nothing stands in the way of accepting the deductive nature of the explanation. I
will return to the testing (and supporting) of functional statements later (7.4.4), but first I will
now enter into the second way of showing why functional equivalents are irrelevant to the
status (structure) of functional explanations.
7.4
7.4.1

The unity of causal and functional explanations
The emergence of functional properties

Since outside the group of vertebrates there are functional equivalents for hemoglobin, the
functional explanation of hemoglobin in vertebrates must eventually be supplemented with
an explanation of why these animals don’t have hemocyanin or some other respiratory
pigment. More generally, functional explanations will usually lead to the subsequent question
why organisms of type x have property y and why not some functionally equivalent property
y*. The only way to answer this question is by providing a causal explanation of the presence
of y in x. The only way, from the biological perspective, to really solve the problem of
functional equivalents is to causally explain a functional property.
In causal explanations we can also, as in functional explanations, make a distinction between
proximate and ultimate explanations, or between proximate and ultimate components of these
explanations. A proximate causal explanation of the presence of hemoglobin in vertebrates
consists of a specification of the causal factors which have led to the production of
hemoglobin during the ontogeny of these animals, that is, their development from fertilized
eggs into mature organisms. Among these factors are the production of the porphyrin
molecules and of the amino acids in the globin molecules, and the information for this is
encoded in certain genes which these animals have inherited from their parents. Thus,
vertebrate animals carry hemoglobin in their red blood cells, because in their genome they
have certain genes which code for the production of this protein during the ontogeny of these
animals.
In the end, however, a causal explanation of the presence of hemoglobin in vertebrates, and
more in particular of its coming into being in historical time, will have to be an ultimate
causal explanation. This explanation consists of a specification of the causal factors which
have led to the emergence of hemoglobin during the phylogeny, that is, the evolutionary
development, of vertebrate species. The only biological theory with which this development
can presently be explained is the neo-Darwinistic or synthetic theory of evolution. As is well
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known, this theory specifies a mechanism for the evolution of species and properties in terms
of variation and natural selection. A property comes into existence as a (random, nonpurposeful!) variation on what already existed due to mutations and/or recombinations in the
genetic make-up of an organism. A property is maintained by natural selection, a process that
may be pictured as a kind of sieve of biotic and abiotic environmental factors which
eliminates unfavourable variations and allows favourable variation to pass on to next
generations. Favourable variations are variations that have adaptive value, that is, given a
certain selection environment, increase the fitness of an organism relative to the fitness of
organisms in which the variation has not occurred. This enables the organism in which the
variation occurred to produce more offspring than its unvaried fellows, as a result of which
the variation may spread in the population over the next generations (and eventually supplant
the unvaried form completely, but that need not be the case). Thus, when applied to
hemoglobin, the theory states that hemoglobin came into existence as a result of genetic
mutations and/or recombinations in some ancestral species and was maintained and spread
throughout the population by natural selection, because it had (and has) adaptive value for the
organisms in which it occurred: it increased the rate at which they could take up and release
oxygen and thereby enabled them to produce more energy. More specifically, the conservation
of the nine amino acids in the globin-chains of all vertebrate species can be explained as a
result of such a variation and selection process in an ancestral species, which, because of its
adaptive value, has been retained during the later speciation, in the phylogenetic spread that
led to the present species.
7.4.2

Functional properties as adaptations

I have now reached a most interesting and important point which, in my view, is decisive for
the debate on functional explanations. For notice that the above ultimate causal explanation
of the presence of hemoglobin, as well as that of the conservation of the nine amino acids,
appeals to the adaptive value and, hence, to the function of hemoglobin (and of the amino
acids, respectively)! A causal explanation of the presence of hemoglobin in present vertebrates
in terms of the variation and selection model would be absolutely unsatisfying if it would not
state explicitly why the selection operated in favour of hemoglobin, and the answer to that
question is precisely the functional explanation of hemoglobin! In other words, it is
impossible to give a satisfactory ultimate causal explanation of the presence of hemoglobin
when its proximate function is unknown and when this proximate function is not stated
explicitly in the explanation.
Suppose in general that organisms of type x have property y which has the function of
contributing to another property z and thereby to the survival and reproduction ∞ of x. A full,
be it admittedly rough, causal explanation of the presence of y would then run as follows:
organisms x have property y, because (1) y is being produced under the influence of certain
genes g of x, which (2) have emerged due to mutations and/or recombinations within genes
g* of forefathers x* of x and which have been maintained and spread in the population by
natural selection, because (3) y contributed to property z of x and thereby (4) increased the
fitness f of x relative to the fitness f* of x*, such that (5) y (through the genes g coding for
its production) was (and is) passed on to next generations of x. Schematically, this
explanation looks as in the following figure:
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Figure 5: Schematic representation of a complete causal explanation of a functional property
y, having proximate causal (1), ultimate causal (2), proximate functional (3) and ultimate
functional (4) components; (5) stands for reproduction.

7.4.3

Natural selection and the principle of functionality

Figure 5 shows that both causal-nomological components of a functional explanation
(indicated by 3 and 4) are essential parts of a full causal explanation of the presence of y.
This makes functional explanations principally indispensable in biology. It is often impossible,
moreover, to find empirical evidence for the hypothesis that some property has come into
existence through mutations and/or recombinations and has been retained by natural selection,
for the simple reason that the past of these processes is often inaccessible to empirical
research. In such cases, the only way to find evidence for the hypothesis is by showing that
the property is (ultimately) functional, that is, has adaptive value and endows its bearers with
a selective advantage over non-bearers. This makes functional explanations also practically
indispensable. It indicates that functional explanations may be seen as a kind of ’short-hand’
for causal, evolutionary explanations (Looijen 1987; Maynard-Smith 1990), and it is in this
sense that my earlier remark, that functional explanations are causal explanations, should be
taken.
Figure 5 shows also that the contribution of a property y to the survival and reproduction
of organisms x, which is stated in a functional explanation of y (directly, or indirectly through
its contribution to another property z) is an ultimate cause of its presence in x. That is to say,
apart from the fact that it must first emerge as a (random) variation, the effect of y, its
adaptive value or function, can be seen as an ultimate cause of its presence (preservation) in
x. And that, in turn, is to say that the effect of y, its contribution to z and ∞, can be seen after
all as an antecedent condition for its presence (preservation) in x, indicating once more that
we are dealing with a species of causal explanation. The only (but not a slight) problem raised
by this account is the question what came first: y or z? What came first: lungs, or animals
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that needed lungs (or to whom lungs came in handy in their past selection environment,
during their transition from life in water to life on land)? Was there first chlorophyll, or did
photosynthesis come first? Did the circulatory system come first, or were there first large
animals which needed such a system? Instead of speculating endlessly about these questions,
I will confine myself to the statement that they are, in my view, chicken and egg questions,
which can be answered only by empirical (historical, paleontological or possibly populationgenetical and ecological) research.45
This unity of functional and causal-evolutionary explanations is underlaid by a deeper
relationship which is expressed by the afore-mentioned principle of functionality: as a rule,
properties of living beings are functional, because non-functional or dysfunctional properties
will sooner or later be eliminated from a population by natural selection. Only properties that
are functional, that contribute to the survival and reproduction of their bearers, outlive this
selection. Because of this relationship between functional and evolutionary explanations it
should come as no surprise that it is especially evolutionary biologists like Simpson, Mayr,
Ayala, Dobzhansky, Futuyama and Maynard-Smith who defend the role of functional
explanations in biology (but see for the conception of functions as adaptations also
philosophers like Ruse 1973; Wright 1976; Brandon 1981; Millikan 1984, 1989; Sober 1984;
Neander 1991; and Kuipers 1986, 1997).
7.4.4

Exceptions to the functionality principle?

One generally assumes that the past selection environment, in which a property arose as an
adaptation, is (roughly) the same as the present selection environment, or at least not so much
different that the function which a property had in the past selection environment was
different from the one it has in the present selection environment. However, this need not be
the case. There are several possibilities.
In the first place, it may be that a property that was functional in the past selection
environment has lost its function. Well-known examples of this are our coccyx and perhaps
our tonsils and appendix. As long as such properties are not dysfunctional, however, they may
be maintained in a population. Naturally, there is no present functional explanation for such
properties, but there may have been a functional, as well as an evolutionary, explanation with
regard to the past selection environment.
A second possibility is that a property, which had a certain function in a past selection
environment, has received a new function in a new selection environment, or, in other words,
that the function of a property may have changed in the course of evolution. A nice example
of this is the tail. Assuming that life originated in the oceans, the tail was first developed as
a propulsive organ, a function which it still has in fish, sharks and whales. Later, in animals
who developed on land, the function of the tail changed into, for instance, a supporting or
balancing organ (in, amongst others, kangaroos), a steering organ (in birds), a grasping organ
(a sort of fifth limb in monkeys), a fly-flap (in many hoofed animals) or a show-piece (in
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See Wouters (1995, pp. 451-2) for a not particularly convincing argument, in terms of
chicken and egg questions, against the conception of functional explanations as short-hand for
evolutionary explanations, or against the view that the adaptive value (function) of a property
is a cause of its present occurrence.
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many birds like peacocks) or impressing organ (in for example horses). In frogs and toads the
tail has almost completely disappeared, though it still exists (as a propulsive organ) in
tadpoles (which live in water). In all cases where the tail still exists, it is possible to give a
functional as well as an evolutionary explanation fitting the present selection environment.
A third possibility is that a property may have emerged as a side-effect of another
(functional) property, but has, or appears to have, no function itself. The standard example
of such a property is the sound of the heart-beat. Though the heart-beat serves to circulate the
blood through the body, the sound it produces seems to be a side-effect that has no function
itself (except perhaps a reassuring or comforting one for embryos). Another example,
provided by Grant (1963, in Nagel 1977, p. 298), is the colour of yellow onions. Although
yellow onions are resistant against a particular fungous disease, while white onions are
susceptible to it, the colour of the yellow onions appears to have no function (adaptive value)
itself. To this should be added, however, that colours generally do have important functions
in biology and that it may be that in the future even for the colour of yellow onions a
functional explanation will be found. It should also be noticed that, if or as long as no
function can be ascribed to some property, there is no functional explanation (yet) for it and,
therefore, neither a ’problem of functional explanation’.
A fourth possibility is that a property may have side-effects which are functional (so that
we might better be talking about several functions of the same property, such as the many
functions of the liver), and which may have emerged in different evolutionary periods (and
hence in possibly different selection environments). In such cases there will be different
functional explanations corresponding to different evolutionary explanations.
A final, and most interesting, possibility is that there may be exceptions to the functionality
principle in the way of (either or not apparently) dysfunctional properties. Naturally, there can
be no functional explanation for such properties. (Many genetically induced diseases may fall
under this heading). However, there are interesting cases of (apparently) dysfunctional
properties which can be given an evolutionary, and therefore also a functional, explanation.
A familiar example is the occurrence of sickle-cell anaemia in humans. Humans having
normal red blood cells are homozygous (say AA) for the gene that codes for these cells.
Humans having abnormal, sickle-shaped red blood cells are homozygous (aa) for the aberrant
gene. They usually die before reaching reproductive age. However, all other things being
equal, heterozygotes (Aa) may normally stay alive. It appears that, contrary to expectation,
the aberrant allele (a) remains present with relatively high frequencies in certain parts of the
world. The cause of this is that heterozygotes appear to be much more resistant against a
certain form of malaria than either homozygote. Therefore, in parts of the world where this
form of malaria reigns, heterozygotes have a selective advantage over homozygotes and
transfer the aberrant allele (a) on to next generations, whence it is retained in the population
despite the fact that elsewhere it is dysfunctional and leads (in ’aa’ homozygotes) to
premature death. This is an example of balanced selection, and more in particular of heterosis
(or advantage of the hybrid), one of the mechanisms through which populations may be
endowed with a diverse gene-pool or various genotypes allowing them to adapt to various
selection environments.
7.4.5

Co-operating research programmes

To conclude this chapter I will show that in the context of functional explanations there is
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also a mutual dependence of holistic and reductionistic research programmes. This occurs in
two areas: (1) deductive support of functional statements, and (2) causal explanations of
functional properties.
As noticed before (see also Kuipers’s scheme in 7.2.5), the statement that a certain property
y of organisms x is functional for another property z and thereby for the survival and
reproduction ∞ of x, will first be generated as a hypothesis which must next be tested for its
tenability. Such testing means that one goes in search of an underlying theory with which the
function of y can be explained, or, in other words, with which the functional statement can
be deductively supported. From this theory, joined by the required auxiliary hypotheses, one
can derive deductively that organisms x need property y in order to have property z and that,
hence, y is functional for z (see note 37). In the case of hemoglobin this underlying theory
is the theory of allostery, supplemented by the theory of chemical bonding. In order to prove
the function (’role’) of hemoglobin biochemists and molecular biologists had to show that the
uptake and release of oxygen by the blood rests with the binding and release of O2 molecules
by hemoglobin molecules and that the accelerated uptake and release of oxygen by the blood
is the result of the allosteric properties of these molecules. In the case of flatworms, McNeill
Alexander (1979) needed Flick’s diffusion law to deductively support his claim that flatworms
of more than a millimetre thick could not survive (Wouters 1995).
In other words, functional statements must be deductively supported before they can be
accepted as genuine explanations. And that means that in cases of functional explanation we
can see the same sort of mutual dependence between holistic and reductionistic research
programmes as in cases of reductive explanation. For if, following holists like Mayr and
Simpson, we associate functional explanations with holistic research programmes, and if we
associate their deductive support with reductionistic programmes, we can talk here also of a
holistic guide programme that generates a problem which it cannot solve itself: the support
of a functional hypothesis. For the solution of this problem it depends on a reductionistic
programme which sets itself to supporting the hypothesis. If it succeeds in doing so, the
reductionistic programme acts as a supply programme for the holistic guide programme.
However, it is itself dependent on the guide programme, because it can only provide the
deductive support after the need for this has arisen at the level of the guide programme.
In the second place there is a mutual dependence of holistic and reductionistic research
programmes in the sense that, as noted above, functional explanations generally lead to the
subsequent question of why organisms x don’t have a functionally equivalent property y*
instead of y and that the answer to this question can only be a causal explanation of the
presence of y in x. When we associate functional explanations again with holistic programmes
and now associate the proximate and/or ultimate causal explanations with reductionistic
programmes, we see again the mutual dependence of both types of programmes. Holistic
programmes depend on reductionistic programmes for causal answers to the question of why
organisms x have property y instead of y*, and reductionistic programmes depend on holistic
programmes for generating the question.
7.5

Conclusions

I have shown that functional explanations specify ’normal’ efficient causal relations and that,
therefore, they are not in contradiction with the principle of causal determinism. I have also
shown that, using Mackie’s INUS-conditions, functional explanations can be reconstrued as
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deductive-nomological explanations à la Nagel (1961/82), where functional properties appear
as necessary conditions for the survival and reproduction of the respective organisms. Besides
that, I have argued that functional properties can be seen as adaptations and that, therefore,
functional explanations can be regarded as ’short-hand’ for more comprehensive causalevolutionary explanations. This means that the function or adaptive value of a property can
be seen as an ultimate cause, and hence as an antecedent condition, for its present occurrence
in organisms, indicating that in this respect too, functional explanations can be seen as a
species of causal explanation. Finally, I have argued that in the context of functional
explanations too, there is a mutual dependence of holistic and reductionistic research
programmes, both because functional hypotheses must be deductively supported and because
functional explanations (in the narrow sense) must eventually be supplemented with
(proximate or ultimate) causal explanations of the respective property.
Thus, the conclusion we can draw is that holists or autonomists are right in asserting that
functional explanations are indispensable in biology. On the other hand, reductionists or
provincialists are right in asserting that functional explanations can be replaced by causal
explanations, where one should bear in mind, however, that ’being replaced by’ actually
means ’being placed under’, because ultimate causal explanations cannot do without
proximate and ultimate functional components. Given the fact that functional explanations
specify causal-nomological relations, which form, or may form, essential parts of more
comprehensive causal-evolutionary explanations, we can also draw the conclusion that they
provide no obstacles to reductions but rather contribute to them.
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CHAPTER 8
THE REDUCTION PROBLEM IN ECOLOGY
8.1

Introduction

In the now following second part of this book I will discuss the reduction problem and the
associated holism-reductionism dispute in ecology. Ecology is sometimes seen as the only
truely holistic science, because it deals with relations between organisms mutually and with
the environment, with interrelationships and connections in nature. On the one hand, given
the definition of holism, there seems to be some truth in this. On the other hand, one of the
main conclusions of part 1 was that the terms ’holistic’ and ’reductionistic’ are extremely
relative and should always be related to some given level of organization. A theory (research
programme, science) may be holistic with respect to some lower level of organization but at
the same time reductionistic with respect to some higher level. Ecology as a whole may be
holistic with respect to, for instance, physiology or molecular biology. However, within
ecology several levels of organization are being distinguished, to wit the levels of organisms,
populations, communities and ecosystems, and with respect to each of these levels ecological
sub-disciplines have developed. The relations between individual organisms and the
environment are the domain of autecology. Population ecology deals with groups of organisms
of the same (or at most two or a few interacting) species, community ecology with the
interrelationships between groups of organisms of different species of plants, animals and/or
micro-organisms. And systems ecology deals with the complex of relations between various
groups of plants, animals and micro-organism and the abiotic environment, which together
make up an ecosystem. Apart from these, there is also landscape ecology, which studies the
influences of structures and processes in landscapes on the distribution and abundance of
species and communities, and global ecology which studies the flow of energy and matter
through the various compartments of the biosphere as a whole. Autecology may be holistic
with respect to for instance physiology, it is certainly reductionistic with respect to the other
ecological disciplines.
Thus, ecology spans several levels of organization and between each of these levels
reduction problems occur. For this reason there is also a holism-reductionism dispute within
ecology. Usually this dispute is seen as a conflict between a holistic school of (functional)
systems ecologists and a reductionistic school of (evolutionary) population ecologists
(Hutchinson 1978; Simberloff 1980; McIntosh 1985; Hagen 1989), but I will show that, as
in the rest of biology, there is a variety of positions which can be characterized as more or
less moderately or radically holistic or reductionistic.
In the larger part of this chapter I will provide an overview of the nature of the reduction
problems in ecology and of the various positions taken with respect to these problems. After
that I will attempt to shed some light on solutions to these problems by applying the models
of reduction and of co-operating research programmes discussed in part 1. In doing so, I will
hit upon a special problem, which more or less frustrates concrete solutions to reduction
problems, namely the almost complete lack of general laws and theories in ecology. This
problem has been referred to as the ’intellectual immaturity’ of ecology (Fretwell 1981;
Strong et al. 1984; McIntosh 1985; Hagen 1989). I will point to two particular ’causes’ of this
problem, viz. the ambiguity of the ecological vocabulary and the inhibitory effect of the
holism-reductionism dispute on the growth of knowledge. These ’causes’ will be discussed
at length in later chapters.
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8.2

Holism and reductionism

As argued in part 1, in dealing with reduction problems it is extremely important to
distinguish between ontological, epistemological and methodological aspects of these
problems. On the epistemological level the reduction problem in ecology may be formulated
as the question whether laws and theories about communities and ecosystems can be reduced
to theories about populations or individual organisms. Also, the question may be put whether
ecology as a whole can be reduced to some lower level biological theory, for which the
modern theories of natural selection and population genetics are of course the most likely
candidates. As mentioned, however, ecology suffers from a lack of general laws and theories,
at least at the level of communities and ecosystems (see below). Therefore, there is little or
no use in racking one’s brain about the former question, let alone the latter. Also, I am not
aware of any successful reduction of concepts in ecology (except the reduction of the concept
’carrying capacity’, K, by Leslie (1926); see chapter 11).
For this reason, holism-reductionism disputes in ecology are primarily concerned with
ontological and methodological issues. Ecologists are constantly discussing what should be
the ’fundamental’ unit of ecological research and what research strategy should therefore be
followed. This is mostly described as a dispute between a holistic school of primarily systems
ecologists and a reductionistic school of primarily population ecologists (Hutchinson 1978;
Simberloff 1980; McIntosh 1985; Hagen 1989). The former argue that the ’functional’ level
of organization in ecology is formed by ecosystems and that research should therefore be
directed at these systems. The latter, who take modern evolutionary theory as a starting point,
argue that populations should be the fundamental units of ecological research. The question
thereby is not so much whether systems ecology can be reduced to population ecology, but
rather whether there is any use at all in doing systems ecology (and community ecology)
besides population ecology (and autecology). This has everything to do with the ontological
status of communities and ecosystems, which is actually the core of the reduction problem
in ecology: are communities and ecosystems ’real’, discrete ontological entities with emergent
properties (such as biomass, productivity, diversity, stability), which are largely independent
of the component species, or are they nothing but accidental assemblages of species which
just happen to share the same space and time? Of course, the answers to this question largely
determine the methodological positions taken. Those who assume that communities and
ecosystems are ’real’ ontological entities argue that research should be directed at these higher
levels of organization, whereas those who deny their existence (for that is what their position
actually boils down to) naturally argue that research at these levels is pointless. Incidentally,
within the former position a distinction can be made between those who do see a certain
relevance of lower level research for the understanding of higher level phenomena (that is,
of population research for the understanding of the structure and dynamics of communities
and ecosystems) and those who don’t. The latter may justly be called radical holists or antireductionists, the former moderate holists. A common position, which may be called
moderately reductionistic, but just as well moderately holistic (thus, above all things,
moderate), is that on the one hand one recognizes that communities and ecosystems are real
ontological entities while on the other hand it is assumed that their structure and dynamics
are being determined primarily by interactions between species. Logically, in this latter view
research should be directed at both higher and lower levels. In the following sections I will
enter in more detail into these various, more or less radical, holistic and reductionistic
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positions.
8.2.1

Radical holism

The radical holistic view in ecology is that the entities of higher levels of organization communities and ecosystems, but the approach has also been applied to populations - are
discrete integrated wholes with their own emergent structure and dynamics which cannot be
derived from properties of the component species, populations or individual organisms.
Characteristic of this view is that it is primarily organismal or physiological. That is to say,
populations, communities and ecosystems are regarded as analogues to organisms, their main
characteristic being the capacity for self-regulation. This would be achieved through various
feedback mechanisms and an information network similar to the physiological mechanisms
that maintain homeostasis in organisms. Also, communities and ecosystems would show a
development from a young to a mature stage, comparable to the ontogenetic development of
organisms.
a) communities
The standard example of this is the view of the American plant ecologist Clements (1916,
1936; Clements et al. 1929), who described plant communities as superorganisms which,
analogous to real organisms, have a certain physiological integrity and which come into
existence, grow and ripe to a stable ’mature’ stage which Clements called the climax. His
theory was primarily meant to explain a phenomenon which is known as (primary) succession.
This is the development of a plant community which starts with the first plant growth on a
formerly bare soil and which runs in the direction of a more or less stable end phase, the
climax. Depending upon the biogeographic region, this is mostly some sort of wood or forest.
According to Clements, this succession cannot be explained in terms of adaptations of
individual species to local environmental conditions, but is mainly the result of interactions
between species, in particular competition: in a succession species are constantly being outcompeted (competitively displaced) by other species until in the end only a few dominants
survive. Similar views were held by Forbes (1883, 1887), Adams (1913), Thieneman (1918)
and Lindeman (1942) with respect to aquatic communities or animal communities.
In Europe, where most ecologists did not at all agree with Clements’ view, one finds its
counterpart in various plant-sociological approaches, such as the Scandinavian ’school’ of
Raunkiaer (1934) and the French-Swiss ’school’ of Braun-Blanquet (1928). Characteristic of
these approaches is that concrete plant communities as they are found in nature (so-called
phytocoenosa) are instantiations or tokens of certain types (phytocoena) and that therefore it
is possible, for each biogeographic region, to set up a typology or classification scheme of
communities (see chapter 9). A major difference with the Clementsian approach is that in
Europe one has assumed that properties of plant communities (species composition and
abundance) are primarily determined by the type of environment occurring in a certain area
and that to each type of environment a specific type of plant community belongs. Perhaps
these European, plant sociological approaches should therefore be characterized as
essentialistic rather than holistic: the community regarded as a natural kind. On the other
hand, viewing communities as natural kinds is in itself not essentialistic. It becomes
essentialistic, however, when these kinds are seen as ideal types (so-called ’typological’
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thinking) of which the concrete tokens found in nature are ’imperfect reflections’ (see also
chapter 9 and 13.6.3).
b) ecosystems
As argued by Simberloff (1980), the (radical) holistic Clementsian approach at the level of
communities has been abandoned in favour of reductionistic approaches (see below) but it
remains alive with regard to ecosystems. Around the beginning of the sixties a strong
movement in ecology arose which came to apply the holistic approach to ecosystems
(McIntosh 1980; 1985). The vision of these systems ecologists shows a great resemblance to
the Clementsian view of plant communities. According to its best known representative,
Eugene Odum (1969), ecosystems would have a ’strategy’, show a development (succession)
from a young to a ripe or mature end phase. As in Clements’ theory this end phase is called
the climax and is considered to be stable. A major difference between Clements and later
systems ecologists is, however, that while Clements vision was primarily physiological and
can therefore rightly be called superorganismal, the vision of later (modern) systems
ecologists should rather be called mechanistic (see Kwa 1984; but also Hagen 1989). A
characteristic feature of holistic systems ecology is the application of thermodynamics,
information theory and general systems theory, in particular cybernetics, to ecosystems
(Margalef 1958; Patten 1959, 1975; von Bertalanffy 1968; Odum 1959, 1969, 1971, 1977,
1983; Odum & Patten 1981). Ecosystems are considered to be cybernetic systems with the
capacity of self-regulation, analogous to homeostasis in organisms and self-adjustment in
some machines. According to Odum (1959, 1983), homeostasis is a general trait of biological
systems, ranging from cells to ecosystems. The norm of the system, ’stability’, would be
achieved and maintained in ecosystems through various feedback mechanisms and an
information network in the form of food webs and nutrient cycli, which integrate and coordinate the workings of their components (species, amongst others). It is thereby assumed
(but see below) that there is a relation between the diversity of a system (its number of
species) and its stability: the more diverse an ecosystem, the more stable it is. Supposedly,
this relation can be explained very well in terms of cybernetics: the more species there are,
the more interactions there are, hence the more feedback mechanisms and the tighter the
information network, and therefore the better the integration of the parts and the more stable
the whole.
Patten (1975) calls ecosystems the units of co-evolution. According to him, evolution is
being directed by interactions between species in the ecosystem, such as predation and
competition. In suitable environments co-evolution would thus lead to the highest possible
species diversity (richness).
Odum (1959, p. vi) argues that ecosystem studies should be based on a ’whole-before-theparts’ approach. "The concept of the ecosystem is and should be a broad one, its main
function in ecological thought being to emphasize obligatory relationships, interdependence
and causal relationships" (p.11). This emphasis on interdependences and relationships, and the
associated ideas about stability and self-regulation, can be seen as modern expressions of a
much older concept: the balance of nature (Egerton 1973; see also Pimm 1991). They form
the core of (radical) holism in ecology. Parts, whether they be organs in organisms,
individuals in populations or populations in communities and ecosystems, are seen as
functionally related in the whole. Holistic systems ecology is generally equated, by both
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proponents and opponents, with ’functional ecology’ (Mayr 1961; Hutchinson 1978; Odum
1959, 1983). "It is evident that as long as a purely descriptive viewpoint is maintained there
is very little in common between such structurally diverse organisms as spermatophytes,
vertebrates and bacteria. In real life, however, all these are intimately linked functionally in
ecological systems, according to well defined laws. Thus, the only kind of general ecology
is that which I call "functional ecology"" (Odum 1959, p. ix).
Yet it is not the organisms or populations as parts of the whole that form the units of
ecosystems research. The units of this research are so-called trophic levels (or food levels):
primary producers (green plants), first order consumers (plant eaters), second order consumers
(meat eaters) and reducers (fungi and the like). These are conceptual black boxes, theoretical
compartments through which energy and matter flow on their way through the system. The
information for the contents of these boxes does come from metabolic studies of individual
organisms and populations, but these are no objects of study in themselves. Ecosystems
research is particularly directed at measuring or estimating the amounts of energy and matter
which enter into each trophic level and the efficiencies with which they are used. Often,
applications of this are found in agriculture and nature conservation, for instance by way of
yield measurements in grasslands or forests or of carrying capacity estimates of the number
of cattle that can graze a certain area. The purpose of cybernetics, moreover, is to find general
models and concepts that can be applied to both machines, organisms, ecosystems and human
societies (Odum & Pinkerton 1955; Odum 1971).
c) populations
The holistic perspective has also been applied to populations. From this perspective,
populations are seen as self-regulating entities which occur in equilibrium with their
environment. Thus, Allee et al. (1949) asserted that populations exhibit homeostasis and other
organismal properties. Cole (1957) spoke of autoregulatory mechanisms which would work
as mechanical ’governors’ to control the growth of populations. This approach has become
known as the self-regulatory school, particularly through the works of Chitty (1960) and
Wynne-Edwards (1962). This was one of four schools which were involved, and partly still
are involved (see de Boer & Reddingius 1996), in a controversy over the regulation of
population numbers. Beside the self-regulatory school, there is a biotic school, a climate
school and a comprehensive school (see for example Krebs 1994). The biotic school takes as
a starting point the stability of populations and stresses the importance of density dependent,
biotic factors (competitors, predators, parasites) in the regulation of populations (Nicholson
1933, 1954; Lack 1954). The climate school, on the other hand, stresses fluctuations in the
size of populations and assigns a major role thereby to density independent, physical factors,
such as weather and climate (Bodenheimer 1928; Uvarov 1931; Andrewartha & Birch 1954,
1984). The comprehensive school, finally, argues that both physical and biotic factors play
a role (Thompson 1929; Schwerdtfeger 1941).
Contrary to the other schools, who seek to explain population numbers in terms of extrinsic
factors, the self-regulatory school concentrates on intrinsic factors within populations, on
individual differences in behaviour and physiology (Chitty 1960; Pimentel 1961; WynneEdwards 1962). The general assumption of this school is that the abundance of species can
change as a results of changes in the qualities of individuals (through genetic changes in the
population). The unlimited increase of populations can be prevented by intraspecific
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competition leading to a decrease in the quality of individuals at increasing density, without
any changes in external (physical or biotic) environmental factors.
An outspoken representative of this school was Wynne-Edwards (1962) who became
particularly famous for his ideas on group selection. Wynne-Edwards argued that populations
are homeostatic systems which are capable of regulating their own size by means of complex,
negative feedback mechanisms analogous to the physiological mechanisms that maintain
stability (homeostasis) in individual organisms. According to Wynne-Edwards, information
about population size would be spread in a population through behavioral signals which he
called ’epideictic displays’. On the grounds of this information, individuals would regulate
their own reproduction in order to optimize the size of the population as a whole. Because
this sometimes meant that individuals would sacrifice their own reproductive success in
favour of the population, Wynne-Edwards believed that these homeostatic mechanisms had
evolved by group selection. His view was so devastatingly criticized, however, by Williams
(1966) that the idea of group selection has been eliminated from the mainstream of
(evolutionary) biology. As far as I know, the ideas of the self-regulatory school about
homeostasis and self-regulation of populations have also been worsted and only intraspecific
competition remains a major factor in models of population regulation today (but see Seeley
1989; Moritz & Southwick 1992; and also Wilson & Sober 1989).
8.2.2

Radical reductionism

Radical reductionism was introduced in ecology as a critique of Clements’ superorganism
theory by another American plant ecologist, Gleason (1939, 1962). Gleason formulated an
’individualistic’ concept of the (plant) community; individualistic, because it went out from
individual species’ adaptations to local environmental conditions. Later, it became know as
the individualistic hypothesis (McIntosh 1985, 1995).
Gleason argued that the distribution and abundance of species is first of all determined by
two factors: immigration and environmental conditions. Both have an element of randomness.
Environmental conditions are rarely if ever discretely distributed but vary continuously, both
in space and in time. Since the environmental tolerances of different species are not the same,
moreover, one cannot expect different species to occupy exactly the same area. Therefore,
communities are rarely if ever clearly delineated entities but rather assemblages of species that
gradually flow into one another. And since environmental conditions vary continuously also
in time, neither can there be a deterministic succession towards one stable end phase.
According to Gleason, succession is not an orderly and predictable process and can be
explained only through the dynamics of individual species. This view has been taken over and
extended upon by many later (plant) ecologists (for example Whittaker 1948, 1972; Drury &
Nisbet 1973; Picket 1976, 1982; Bazzaz 1979, 1982, 1986). Much plant ecological research
consists of so-called gradient analyses and is directed at individual species’ responses to
environmental gradients (Whitttaker 1975).
Because of the mobility of most animal species, it is to be expected that animal
communities are even less spatially discrete than are plant communities. In the radical
reductionistic view, this applies even stronger to ecosystems. For an ecosystem is generally
defined as the whole of a biotic community, or biocoenosis, of plants, animals and microorganisms and its abiotic environment. But if biotic communities, or their sub-communities
of plants, animals and micro-organisms, are not discrete entities, then neither can be
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ecosystems. Holistic systems ecology has been heavily criticized, therefore, especially the idea
that ecosystems are stable, self-regulating systems. Engelberg and Boyarsky (1979) have
questioned the cybernetic nature of ecosystems, because in their view there is no information
network, with the required characteristics such as low energy input and high output, in
ecosystems. Many ecologists have also disputed the alleged relation between the diversity and
the stability of ecosystems, both on empirical grounds and on the basis of theoretical models
(Holling 1973; May 1975, 1979; Pimm 1984, 1991). These ecologists do not deny that there
is something like ecosystem development, but they do deny that this development would run
deterministically towards one possible stable end phase. Holling (1973) introduced the term
’persistence’ in this connection, the capacity of an ecosystem to maintain itself in ever varying
states. And Pimm (1984) argues that ’resilience’ is a better criterion than ’stability’ to
describe the ever varying states of ecosystems. Incidentally, the position of ecologists like
May, Holling and Pimm, who study communities and ecosystems from the point of view of
interactions between populations, can better be characterized as moderately than as radically
reductionistic (see 8.2.3).
The most outspoken radical reductionist in ecology today is Simberloff (1980, 1983, 1986),
a population ecologist who actually argues that communities and ecosystems do not exist at
all, at least not as discrete, structurally and/or spatially distinct entities. According to
Simberloff, what are called communities and ecosystems are essentially nothing but accidental
collections of species (populations), which can be fully explained in terms of on the one hand
properties of species and on the other hand local environmental conditions. Simberloff and
his colleagues of the Florida State University (Connor & Simberloff 1979; Strong 1980;
Strong et al. 1984) have become particularly well-known for their view that explanations of
the so-called ’structure’ of communities should always be tested against the null hypothesis
that this structure is completely ’random’, given the properties of individual species and the
environment. This strategy was first based on Popper’s naive falsificationism and later, after
it had been criticized, on Lakatos’ refined falsificationism (Simberloff 1983). The general idea
behind it is that in searching for explanations of community structure one should first assume
that this is purely the result of chance processes before looking at deterministic, biological
explanations. The strategy is more in particular directed against the, in the eyes of Simberloff
c.s., premature and unjustified applications of competition theory to the structure of
communities. I will return to this extensively in chapter 13.
8.2.3

The moderate position

As mentioned above, the Clementsian superorganismal approach of communities has been
abandoned in favour of reductionistic approaches. Yet not all holistic elements of Clements’
view have disappeared from community ecology. Many present-day ecologists, perhaps even
the majority, take a moderate position in the sense that on the one hand they recognize that
communities are ’real’ entities with their own emergent properties (such as diversity and
productivity), which are not completely determined by properties of individual species, while
on the other hand they attempt to explain them reductively. The explanations are particularly
sought in interactions between species, such as competition and predation. Almost every
ecological handbook contains a part dealing with autecology and population ecology, and a
part dealing with community ecology and involving interactions between species (for example
Krebs 1994; Begon et al. 1996).
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This position can be called moderately holistic, but just as well moderately reductionistic,
for two reasons. Firstly, because it recognizes communities as ’real’ ontological entities with
emergent properties (the holistic element), while on the other hand the aim is to explain them
in terms of their component parts (the reductionistic element). And secondly, because the
explanations are not being sought entirely in autecological adaptations of species (the radical
reductionistic approach) but also and in particular in terms of interactions between species
(another ’holistic’ element). The latter point requires some explanation.
In ecology it is quite usual to characterize explanations of community structure and
dynamics in terms of relations between species and (abiotic) environmental factors as
reductionistic, and explanations in terms of (biotic) interactions between species as holistic
(for example Simberloff 1980; Levins & Lewontin 1980; Gilbert 1982). This deviates from
the use of these terms in other (natural) sciences and in philosophy, where explanations of
wholes in terms of interactions between their parts are considered paradigms of reductionistic
(reductive) explanations (see chapter 3). Still, there is something to be said in favour of the
usage of these terms in ecology.
As I have argued in chapter 5, a property of some whole can be called emergent if and only
if it (or its instantiation) is either (1) not reducible to a micro-theory about its component
parts, or (2) reducible to a such a micro-theory in conjunction with either a correlation
hypothesis (about interactions between the parts) and/or a non-trivial aggregation hypothesis.
A property cannot be called emergent if it is reducible to some micro-theory in conjunction
with a trivial aggregation hypothesis and an identification hypothesis, because then it would
be exactly identical to the sum of its parts. In other cases either non-trivial aggregation or
correlation guarantees that ’the whole is more than the sum of its parts’, the usual
interpretation of emergence. In other words, a property that can be explained reductively in
terms of a micro-theory and an auxiliary correlation hypothesis can be called emergent.
Therefore, given the link between emergence and holism, there is something to be said in
favour of the view in ecology that explanations of wholes in terms of interactions between
parts may be considered ’holistic’. Apart from this, this view is probably also related to the
fact that holism in ecology is associated especially with the idea of connections and
interrelationships in nature. Interactions between species, resulting in food webs and nutrient
cycli, provide exactly the sort of connections between species in communities and ecosystems
to which holists attach so much importance and which, in their view, make them into higherlevel entities. Thus, I will go along with the ecological interpretation of the term ’holistic’ and
I will characterize the position that emergent properties of wholes can be explained in terms
of interactions between their parts as moderately holistic (but at the same time as moderately
reductionistic, and thus above all things moderate).
A great deal of ecological research may be considered to belong to this moderate approach.
This applies for instance to analyses of food chains and food webs in ecosystems (Cohen
1978, 1989; Pimm 1982, 1984, 1991), analyses of the structure and assembly of communities
(Diamond 1975; Diamond & Case 1986; Cody 1989; Roughgarden 1989), investigations into
the mechanisms of coexistence of species (Armstrong & McGhee 1976, 1980; Braakhekke
1980; Aarssen 1983) and the mechanisms of succession (Connell & Slatyer 1977; Tilman
1985; Gray et al. 1987; Olff 1992; van Andel et al. 1993) and, of course, to all the theoretical
and empirical research of interactions between species that play a role in these matters. In the
theoretical field there is an overwhelming amount of literature in the tradition of the logistic
model of population growth by Verhulst (1838) and the competition models of Lotka (1925)
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and Volterra (1926) based on it. Today, there are various ’resource-consumer’ models which
can be applied to several types of interactions between species (competition, predation,
parasitism) and which go together under the name of niche theory (MacArthur 1968;
Vandermeer 1974; Pianka 1981; Glasser & Price 1982; Schoener 1989). The ’classical’
problem of the (phenomenological) Lotka/Volterra models, that they bear little or no relation
to actual empirical situations and pertain to only two species, seems to become ever better
solved by the modern (mechanistic) multi-species models. Modern niche theory, or the set of
resource-consumer models that belong to it, seems to be a very serious candidate for an
empirically adequate and general ecological theory (Schoener 1989; see also chapter 11).
As mentioned in 8.2.1 there has been, and still is, a major controversy in population ecology
over the factors regulating population numbers, where the (holistic) self-regulatory school is
opposed by the biotic, climate and comprehensive schools. Although this point of view is
seldom taken, it is interesting to find out whether the other schools can also be characterized
in terms of holistic or reductionistic positions or approaches.
The climate school of Andrewartha and Birch (1954, 1984), who stress fluctuations in
population size and seek the principal determinants of population numbers in physical factors,
such as weather and climate, can be easily characterized as radically reductionistic. The biotic
school (Lack 1954; Nicholson 1954), who has many recent representatives, is a lot more
difficult to classify. Since the emphasis is laid by this school on interspecific interactions
(competition, predation, parasitism), at first sight one would be inclined to characterize it as
moderately reductionistic (or moderately holistic; that is, moderate). However, this runs
counter to, firstly, the fact that this school stresses the stability of populations and, secondly,
the fact that it seeks to explain this stability, not in terms of interactions between the
component parts (individuals) and abiotic environmental factors (the radically reductionistic
approach) nor in terms of mutual interactions between the parts (the moderately reductionistic
approach), but in terms of interactions with other species, that is, on a higher level of
organization. At second sight, therefore, and somewhat paradoxically, the approach of this
school should be characterized as (radically) holistic. The mechanisms of population
regulation assumed by this school would be typical examples of so-called ’downward
causation’ (Campbell 1974), a major claim of holism (see chapter 2). This is again a nice
example of the relativity of the terms ’holistic’ and ’reductionistic’: theories about interactions
between species are to be counted as holistic when applied to the lower level of populations,
but at the same time as reductionistic when applied to the higher levels of communities or
ecosystems.
Incidentally, a similar paradox occurs with respect to the self-regulatory school. For on the
grounds of its main ideas, about homeostasis (stability) and self-regulation, it should be
characterized as radically holistic. However, in so far as it stresses intrinsic factors within
populations (individual differences in behaviour and physiology; intraspecific competition),
it should rather be characterized as moderately reductionistic.
Finally, we could characterize the comprehensive school, which considers both physical
(density independent) and biological (density dependent) factors of importance in regulating
populations, as moderate or as mixed holistic-reductionistic, but comprehensive doesn’t sound
like a bad term either.
8.2.4

Summary of approaches
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Summarizing, we can distinguish between three basic approaches in ecology; (1) a radically
holistic approach in which communities and ecosystems are viewed as discrete higher-level
entities with their own structure and dynamics, which are largely independent of individual
species’ adaptations to local environmental conditions and which therefore should be studied
at their own level; (2) a radically reductionistic approach in which the existence of
communities and ecosystems as discrete independent ontological entities is being denied and
in which it is claimed that they are actually nothing but random collections of species, which
can be explained fully in terms of individual, autecological adaptations of species; and (3) a
moderate or mixed approach in which it is acknowledged that communities and ecosystems
are discrete higher-level entities with their own emergent properties, but which seeks the
explanation of these properties especially in interactions between the component species.
With regard to the study of populations we can also, albeit not without some paradox,
distinguish between a radically holistic approach (the biotic school), a radically reductionistic
approach (the climate school), and a moderate or mixed approach (the comprehensive school).
The self-regulatory school should be characterized on the one hand as radically holistic
(homeostasis, self-regulation) and on the other hand as moderately reductionistic (intraspecific
competition).
8.3
8.3.1

The intellectual immaturity of ecology
Reduction and co-operation

When we would try to apply the models of reduction and of co-operating research
programmes discussed in part 1 to the reduction problem in ecology, we could say that three
ingredients are required in order to solve this problem. Firstly, there must be some macro-law
or theory about a certain higher level or organization (for example communities). Secondly,
there must be some micro-theory about a lower level (individual species). And thirdly, there
must be auxiliary hypotheses (or theories) in the form of aggregation, identification and/or
correlation hypotheses, the latter dealing with interactions between species.
Thus one would expect co-operation to occur between ’holistic’ and ’reductionistic’ research
programmes, in casu between systems or community ecological programmes and population
or autecological programmes. Now to a certain extent this is indeed the case. As I have
mentioned before, probably the majority of ecologists today share the moderate, mixed
holistic-reductionistic view, which can be traced in many ecological handbooks. In these
books attempts are made to integrate (mostly)46 community ecological knowledge on the one
hand and population and autecological knowledge on the other, which are indeed attempts to
explain phenomena at the level of communities in terms of on the one hand autecological
adaptations of species and on the other hand interactions between species. It is very difficult,
if not impossible, however, to find concrete examples of successful reductions in these books.
This is being caused by another problem, which is the almost complete lack of (well
confirmed or corroborated) general laws and theories, at least at the level of communities (and
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The common trend of the last few decades is that separate books on systems ecology
appear, though in so far as community ecology deals with biocoenoses (the biotic components
of ecosystems; see chapter 9) some systems ecology is described also in the more general
handbooks.
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ecosystems) but with some exceptions (such as competition theory) also at the level of species
(apart from the ’imported’ theories of natural selection and population genetics, of course,
which play a central role in autecology and population ecology). To be sure, there are all sorts
of candidates, such as, at the higher level, hypotheses about the relation between the number
of species and the area of some particular piece of land or island, and the alleged relation
between the diversity and the stability of a community or ecosystem. Also, there are several,
rival, succession theories, and various classification systems of communities. Examples at the
level of species are ’habitat theory’47, which pertains to autecological adaptations of species;
’niche theory’48, which pertains to the exploitation of resources by species; and various
competition models and predator-prey models, which are more or less explicitly related to
niche theory. However, with the possible exception of some competition models, none of
these candidates is generally accepted, neither within nor amongst disciplines, and each of
them is more or less controversial. In general one can state that in ecology on the one hand
an enormous amount of empirical data has been gathered while on the other hand for over
seventy years one has worked on the development of mathematical models, but there is still
a lack of the combination of both: empirically testable, quantitative theories with a large
explanatory and predictive power (McIntosh 1985).
8.3.2

The anomalous status of ecology

The lack of general laws and theories has been referred to as the ’intellectual immaturity’ of
ecology (Fretwell 1981; Strong et al. 1984; McIntosh 1985). Hagen (1989) speaks of the
’anomalous status’ of ecology in this connection, because the intellectual immaturity is hard
to rhyme with the enormous institutional growth of ecology during this century (when looking
at scientific departments, institutes, societies, journals, etcetera). Though in my view this
verdict is going a bit too far, because ecology happens to be very rich (perhaps even a bit too
rich) in theories, models, hypotheses, concepts, etcetera, it does seem a fact that general, wellcorroborated laws and theories are still lacking, at least at the higher levels of organization.
The question is, of course: why? In principle, two kinds of factors could be responsible,
namely factors that have to do with the objects of ecological study, and factors that have to
do with ecology as a science. As to the former, the factors most commonly mentioned are the
complexity, variability and idiosyncrasy of ecological systems. In this context the term
’ecological systems’ refers to both individual organisms in relation to the environment and
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One will not be able to find something like a general ’habitat theory’ in ecological
handbooks. There are ideas about habitat selection and habitat differentiation, which are based
on a particular habitat concept, but to my knowledge a general habitat theory has never been
formulated, and there are many different habitat concepts. I will discuss these concepts in
chapter 10.
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One will also not be able to find a general ’niche theory’ in ecological handbooks, even
though such a theory has been formulated (Glasser and Price 1982). The reason is that this
niche theory is not (yet) generally recognized as a full-blown and promising theory, and that
the niche concept of this theory is confused with several other niche concepts. See chapter
10.
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populations and communities, as well as ecosystems proper. Of course, the degree of
complexity increases with the level of organization. The term ’idiosyncrasy’ indicates that
every ecological system is supposed to be unique, is supposed to have its own structure and
dynamics. I will leave aside whether this is indeed the case, but it seems beyond doubt that
ecological systems are extremely complex and variable. However, since this applies to a
certain extent also to physical, chemical and other (non-ecological) biological systems, I
consider this an insufficient reason for the lack of general laws and theories in ecology.
Underlying this there seem to be also factors relating to ecology as a science.
As to this second type of factors, two appear to be conspicuous. The first one is a certain
inability on the part of ecologists to come to agree upon a common vocabulary, a common
and unambiguous conceptual apparatus. As a result, even the development of adequate
conceptual theories is being impeded. Every few years there is a conference on ’unifying
concepts’ (van Dobben et al. 1975) or ’conceptual issues’ (Saarinen 1981; Strong et al. 1984;
Cherrett 1991; Allen & Hoekstra 1992) in ecology, and the list of publications in which the
meaning of key terms in ecology is discussed is almost innumerable (see chapters 9 and 10).
Conceptual analysis of the ecological literature reveals that such terms as environment,
habitat, niche, community, ecosystem, diversity, complexity and stability are being used in
multiple different and sometimes incompatible ways (see also Pimm 1991; Allen & Hoekstra
1992; Shrader-Frechette & McCoy 1993). Naturally, this is not to say that an unambiguous
vocabulary is a guarantee to the discovery of general laws and theories, but the prevailing
ambiguities do seem to be sufficient for the lack of them.
8.3.3

The inhibitory effect of the holism-reductionism dispute

Hagen (1989) points to a second factor which, in his (and my) view, seems responsible for
the anomalous status of ecology. This is the existence, apart and more or less separate from,
but primarily opposite to each other, of two different approaches, or ’perspectives’ as he calls
them, analogous to visual perspectives. These are a ’merological’ and a ’holological’
perspective. Both terms are originally due to Hutchinson (1978). "According to Hutchinson
(1978), the merological approach focuses upon populations of independent organisms and is
based on the assumption that populational phenomena determine the properties of higher
levels of ecological organization. The holological approach focuses upon the flow of materials
and energy through ecosystems without considering the organisms that are the constituents
of the system" (Hagen 1989, p. 434). Though Hagen himself does not wish to use the terms
reductionistic and holistic, it will be clear that the indicated approaches are those of,
respectively, reductionistic population ecology and holistic systems ecology.49
According to Hagen, the two perspectives are in principle complementary, since they deal
with different research areas (domains or levels of organization), but there are certain grey
areas where it is unclear which perspective applies or where both could apply (and hence
compete). (Hagen doesn’t provide examples of such grey areas but one may think of, for
instance, analyses of food webs, models of interspecific interactions and coexistence studies.)
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According to Hagen, the chief difference between the two perspectives is that the
merological perspective is primarily demographic, whereas the holological perspective is
primarily physiological. This may be so.
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Indeed, starting at the beginning of the sixties, the two approaches have more and more
become opposites. This has lead to many controversies and polemics which have contributed
little or nothing to the clarification of ecological issues. As the best known example Hagen
mentions the controversy over the (alleged) cybernetic nature of ecosystems (see 8.2.2). He
also mentions the controversy over group selection between Wynne-Edwards (1962) and
Williams (1966) (see 8.2.1) as a major cause of the divergence of the two perspectives.50
I broadly agree with Hagen and in chapter 13 I will discuss another controversy which is
characteristic of the inhibitory effect of the holism-reductionism dispute on the growth of
ecological knowledge. Particularly this controversy shows, however, that matters are a bit
more complicated than Hagen puts them. He writes that "The merological perspective is
reflected in two quite different traditions in ecology. Although these two traditions share
important characteristics, they have sometimes been at odds with one another (Strong et al.,
1984; Diamond and Case, 1986). One tradition emphasizes the importance of stochastic
processes, and stresses the independence of individual populations. The other considers
populations to be part of tightly knit communities, and assumes that demographic changes are
due primarily to deterministic interactions, such as competition and predation" (Hagen 1989,
p. 439). These are the approaches which I have called the radically reductionistic and the
moderate approach, respectively, and it is between these two approaches that the controversy
occurred which I will discuss in chapter 13. It doesn’t seem fit to me to unite two such
different approaches under one (the merological) perspective. Hagen himself notes with
respect to the moderate approach that "these ecologists have also incorporated part of the
holological perspective into their thinking. Indeed, some members of this tradition have taken
an intermediate position between the extreme merological and holological perspectives" (p.
442). It seems to me that this intermediate position had better be distinguished as such.
8.4

Remainder of the book

In the remaining chapters of this book I will first discuss some examples of the ambiguities
within the ecological vocabulary, to wit the term ’community’ (chapter 9) and the terms
’habitat’ and ’niche’ (chapter 10). However, rather than merely discussing their ambiguity,
my aim will be provide conceptual clarifications of these terms and to define them
unambiguously. The results of this will hopefully be of interest in themselves, but they are
also necessary for my chief purpose in the next chapters. This purpose is to substantiate my
claim that in ecology too, holism-reductionism disputes notwithstanding, holistic and
reductionistic research programmes are mutually dependent. I will do so by providing two
examples of reduction in ecology involving the co-operation of holistic and reductionistic
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At this point I do not agree with Hagen. In the first place, the controversy between
Wynne-Edwards and Williams was a controversy in evolutionary biology rather than in
population ecology (though it was of course of interest to the latter). In the second place, the
merological and holological perspectives already existed long before the controversy between
Wynne-Edwards and Williams took place, as evidenced by the Clements-Gleason controversy.
In the third place, the rise of holistic systems ecology in the sixties has been a much greater
influence in the divergence of the two perspectives (Simberloff 1980; Kwa 1984; McIntosh
1985).
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research programmes. The first example (chapter 11) is the reduction of the classical
Lotka/Volterra competition model to modern niche theory, where the latter employs, of
course, one concept in particular of the various niche concepts discussed in chapter 10. The
second example (chapter 12) concerns some developments in island biogeography which can
be described very well in terms of the model of idealization and concretization discussed in
chapter 3, and hence in terms of approximative reduction. It pertains to MacArthur and
Wilson’s (holistic) equilibrium theory of island biogeography and subsequent attempts of later
(moderately and radically reductionistic) programmes to concretize (approximately reduce)
this theory. As mentioned, in chapter 13, finally, I will discuss an example of the inhibitory
effect which holism-reductionism disputes may have on the growth of knowledge. The
example concerns a controversy in island biogeography between two of the programmes
involved in the attempts to concretize the MacArthur-Wilson theory, where the one
programme is radically reductionistic and where the other is moderately reductionistic but also
has some radically holistic elements. The controversy has lasted for approximately ten years,
appears to have died out rather than to have been resolved, and has produced no new insights.
I will show, however, that ultimately the controversy can be settled, and in a way has been
settled, in a way that corroborates my thesis.
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CHAPTER 9
ECOLOGICAL COMMUNITIES: CONCEPTUAL PROBLEMS AND DEFINITION
9.1

Introduction

In the preceding chapter I have noted that there are no examples of reduction of laws and
theories about communities and ecosystems for the simple reason that there are no general
laws and theories about communities and ecosystems. I have also noted that one particular
cause of this might be that the concepts of community and ecosystem have not been defined
adequately and unambiguously. The terms ’community’ and ’ecosystem’ are being used for
a wide variety of objects at different levels of organization. Considering that one of ecology’s
central aims is to describe and explain the structure of communities and ecosystems, as given
by such properties as species number and composition, this situation is deplorable.
My aim in the present chapter is to try and improve upon that situation as far as
communities are concerned. I will provide a conceptual analysis and clarification of the
concept ’community’ and I will attempt to define it unambiguously. Though occasionally the
concept ’ecosystem’ will also be mentioned, it will not be analyzed and falls outside the scope
of this chapter.
In fact, there appear to be three major problems with respect to communities, all of which
have to do with the fact that the concept is not adequately defined. The first problem has
already been mentioned: the term ’community’ is being used for various different objects at
different levels of organization. I call this the problem of ambiguity. Apart from the confusion
it creates, this problem alone seems to be sufficient to impede the discovery or development
of ’general’ laws and theories about communities. I will discuss this problem, and attempt to
resolve it, in section 9.2. In doing so, I will hit upon the second and third problem, which will
be discussed in section 9.3.
The second problem is formed by the fact that what are mostly called communities (groups
of species populations which occur together in space and time) rarely if ever form discrete
units in a landscape, but gradually blend into one another. It is often very difficult or even
impossible, therefore, to draw objective, non-arbitrary boundaries between different
communities. This problem is known as the boundary problem. It is probably the most
notorious problem in community ecology and is generally considered irresolvable. As a result,
most, if not all, ecologists today believe that communities are more or less arbitrary units of
investigation (see, among many others, Cohen 1989; Krebs 1994; Begon et al. 1996).
The third problem is the problem of heterogeneity. It consists of the fact that communities,
as presently defined, are often extremely heterogeneous qua species’ composition. This is a
problem because the occurrence of general laws appears to be linked to homogeneous
entities.51
For one reason or other, ecologists have never been able to solve these latter problems and,
as mentioned, even consider them to be irresolvable. This is a bit odd, because in my view
there is a relatively simple solution. I will show that both problems result from a common
cause and, therefore, can be resolved at the same stroke. Both problems result from the view
that communities are certain groups of populations of different species. The solution is to
view them as particular groups of individuals of different species.
Because these problems have received most attention in plant ecology, in particular
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This point was brought to my attention by Theo Kuipers.
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vegetation science, my emphasis in the relevant sections will be on plant communities.
However, the issues addressed relate to communities in general, and my aim is to arrive at
a definition of the concept of a community that is generally applicable.
In section 9.4 I will deal with a number of possible objections to the definition I will
suggest. In section 9.5, finally, I will show its empirical adequacy by applying it to plant
communities at the Oosterkwelder salt-marsh on the island of Schiermonnikoog in the
Netherlands, where I have done some research myself (Looijen 1983; Looijen et al. 1984;
Looijen & Bakker 1987).
9.2
9.2.1

The problem of ambiguity
Different concepts of community

Most ecologists, when thinking of a community, have in mind a group of species populations
which occur together in space and time (for example Begon et al. 1996). Beyond that,
however, opinions diverge. This formulation is so general that it allows any group of
populations, no matter its size or structure, to be called a community. For the same reason,
it is inadequate as a definition of the concept ’community’. For in a certain sense all
contemporary populations can be said to occur together in space and time, and hence to
belong to one single community. As this is, apart from Gaiasophical theories, obviously not
what is intended, the question is what extra conditions must be met in order for organisms
or populations to belong to a community. What criteria do we have for lumping some
organisms or populations as one community and others as another?
To discuss these questions I have selected, from a host of definitions of the term
’community’, the following six, which I think are representative of different views of
communities (box 1). They offer different criteria for community membership.

C1:

C2:
C3:
C4:
C5:
C6:

An assemblage of populations of plants, animals, bacteria, and fungi that live in
an environment and interact with one another, forming together a distinctive
living system with its own composition, structure, environmental relations,
development and functions (Whittaker 1975: 1-2).
One or more populations with similar [life habits and] resource demands cooccurring in space and time (McNaughton & Wolf 1973: 550).
A group of interacting species that occur in the same area (Ricklefs 1973: 590).
A group of species living closely enough together for the potential of interaction
(Strong et al. 1984: vii).
Any assemblage of populations [of plants and animals] in a predescribed area or
habitat (Krebs 1972: 379).
Whatever lives in a habitat (lake, forest, sea floor) that some ecologist wants to
study (Cohen 1989: 181).

Box 1: Various definitions of the concept ’community’ in the ecological literature.
The differences between these definitions relate to the following questions: (1) Are
communities to be regarded as distinctive living systems analogous to organisms? (2) Are
communities groups of organisms or populations belonging to a single trophic level or to a
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single phylum (such as vascular plants) or class (such as birds, mammals, etcetera), or do they
comprise multiple trophic levels and multiple classes and phyla? (3) Is interaction, or the
potential of interaction, a necessary and/or sufficient condition for community membership?
and (4) Are communities spatially and/or structurally distinct entities and how can they be
delimited? Questions 1, 2 and 3 relate to the problem of ambiguity, question 4 relates to the
boundary problem and the problem of heterogeneity. I will answer these questions in the order
of appearance.
9.2.2

Holistic and reductionistic views

As mentioned in chapter 8, the major controversy with respect to communities used to be
whether they are to be regarded as a kind of superorganisms, as distinctive living systems
having a physiological integrity, structure and development analogous to those of real
organisms. Definition C1 is still a reflection of this Clementsian, holistic, approach to
communities. It appears, however, that this approach has been definitively abandoned in
favour of more reductionistic approaches (though it may still be alive with respect to
ecosystems; see Simberloff 1980). The major reason seems to be the ’recognition’ that
communities are not discrete systems - and hence cannot have a physiological integrity
analogous to that of organisms - but rather consist of diffuse sets of populations blending into
one another, both in space and in time. In time, species constantly immigrate and emigrate
or become locally extinct (though as far as plants are concerned they may remain dormant
as a seed bank). In space, populations most often gradually merge into one another, whence
community boundaries are vague (the boundary problem).
However, as also mentioned in chapter 8, not all holistic elements of the Clementsian
approach have been abandoned. The controversy today is whether, nevertheless, communities
have an emergent structure (species number and composition) which cannot be accounted for
solely by relations between species and environments, and which must be explained in terms
of interactions between species. This moderately holistic approach is opposed by the radically
reductionistic approach in the tradition of Gleason, that communities are more or less
coincidental assemblages of species populations and that their so-called ’structure’ is the sole
result of individual species’ adaptations to local environmental conditions.
The moderate approach is reflected in definitions C2, C3 and C4 above. Of course, there
are no definitions reflecting the radically reductionististic approach, because in this approach
communities are denied an independent ontological status, but there are some definitions
compatible with it, such as definitions C5 and C6.
This is not the place to argue in favour of either of these last two views, because the present
aim is to define the concept ’community’, not to describe or explain community structure.
However, it may already be mentioned that the definition I will provide later on is compatible
with both views, because it leaves aside whether communities have an emergent structure and
how it is to be explained.52
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Some ecologists seem to confuse definition and explanation. That is, they attempt to put
part of the explanation of community structure into their definition of the concept
’community’.
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9.2.3

Communities and biocoenoses

Most of the definitions listed above state (C1 and C6) or suggest (C3, C4 and C5) that
communities comprise either more than one trophic level or more than one taxonomic class
or phylum or both. McNaughton and Wolf (1973: 5) state, however, that the term "community
is usually applied to organisms with similar life habits [and resource demands]" and that,
therefore, they "will refer to tree communities, insect communities, or bird communities,
rather than lumping such diverse organisms as a single community". The authors suggest that
the term ’biocoenosis’ be applied to a group of populations belonging to various trophic levels
and various classes or phyla, constituting the biotic part of an ecosystem (’community’ as
referred to by C1). This (that is, the biotic component of an ecosystem) is the usual definition
of a biocoenosis. The concept ’ecosystem’ is thereby usually left undefined, or, following
Tansley (1935), is defined as the whole of a biocoenosis and its abiotic environment. In
English, there is no other term than ’biocoenosis’ to indicate the relevant difference with the
(other meaning of the) term ’community’ (or it must be ’living community’). In Dutch, one
uses the terms ’levensgemeenschap’ (biocoenosis) and ’gemeenschap’ (community) to indicate
the two concepts.
Though I agree with McNaughton and Wolff’s proposition, it should be mentioned that the
two criteria for community membership they suggest, namely same trophic level ("similar [life
habits and] resource demands") and same taxonomic phylum or class ("tree communities,
insect communities, or bird communities"), are incompatible. For example, such diverse
organisms as rabbits, geese and grasshoppers all have similar resource demands (in the
qualitative sense, that is) and hence belong to a single trophic level, while on the other hand
such birds as warblers, geese and owls belong to different trophic levels. Since I fail to see
the use, for the purpose of community membership, of lumping together such groups of
insects, birds, mammals, etcetera, as belong to singular trophic levels, and because it is indeed
quite usual to refer to plant communities, bird communities, etcetera, I assume the authors
have in mind groups of populations belonging to a single taxonomic phylum or class when
thinking of communities.
At first sight, it may seem as if no serious confusion or other problems could arise from
applying the term ’community’ to both levels of organization. Since for all purposes accurate
descriptions of the structure of communities have to be provided, any particular community
of study may always be specified as being a plant community, an insect community, etcetera,
or a community in the sense of a biocoenosis. However, on the theoretical level and as far
as explanations are concerned, the ambiguity is bound to create problems. The competitive
exclusion principle (CEP) provides a good example.
What is usually called a biocoenosis (the biotic part of an ecosystem; and think of an
ecosystem as, for instance, a forest, a meadow, a moor, a lake or a dune valley) most often
includes not only different ’communities’ in the sense of different groups of taxonomically
or phylogenetically related species (that is, a group of higher plants, a group of insects, a
group of fungi, etcetera) but also different ’communities’ per taxonomic phylum or class (that
is, for instance, different plant communities). This means that the species composition (plants
plus other species) in one part of the total area occupied by a biocoenosis is often quite
different from the species composition in another part of that area. In other words, biocoenosa
are spatially often quite heterogeneous in species composition. As mentioned earlier,
heterogeneity may be one reason for the lack of general laws and theories about
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’communities’. The CEP, for instance, may be formulated as: "if two competing species
coexist in a stable environment, then they do so as a result of niche differentiation (..). If,
however, there is no such differentiation, or if it is precluded by the habitat, then one
competing species will eliminate or exclude the other" (Begon et al. 1986, p. 260). This
principle can be used to explain (differences in) the structure of communities through
explanations of the coexistence or non-coexistence of species. Suppose, however, that there
are two plant species, S1 and S2, that have identical niches and belong to the same
biocoenosis but occur widely separate in space, that is, belong to different plant communities.
And suppose that there is ample evidence that this is the result of competitive exclusion. Now
when we would use the term ’community’ for the concept of a biocoenosis, we would be
forced to say, in spite of this evidence, that the CEP is false, because then S1 and S2 would
belong to the same ’community’ and hence coexist.53 Alternatively, when the term
’community’ is used for both plant communities, etcetera, and for biocoenoses, we would be
forced to say both that S1 and S2 coexist (because they belong to the same community in the
sense of biocoenosis) and that they do not coexist (because they belong to different plant
communities).
Such contradictions and ’falsifications’, or at least the confusions preceding them, can be
avoided only by applying the term ’community’ to either biocoenoses or to groups of plants,
birds, etcetera. In view of, among other things, the wish to save the CEP, which applies only
to the latter concept, and also to prevent, in this respect, the problem of heterogeneity (which
generally exists at the level of biocoenoses but not necessarily at the level of plant
communities, etcetera), I think the problem is best solved by restricting use of the term
’community’ to groups of taxonomically related species. Following McNaughton and Wolff,
the term ’biocoenosis’ may then be used, as previously, to denote the biotic component of an
ecosystem.
9.2.4

Interactions between species

The third question relating to the problem of ambiguity is whether interaction, or the potential
of interaction, is a necessary and/or sufficient condition for community membership. Before
discussing this question, it should be noted that most types of biotic interaction (all cases of
herbivory and insectivory, most cases of mutualism, parasitism and commensalism, many
cases of predation, and some cases of competition) occur between species belonging to
different taxonomic classes or phyla. Therefore, given the conclusion of the preceding section,
they are interactions within biocoenoses, not within communities. Within communities, the
prevailing types of biotic interaction appear to be competition and (in animal communities)
predation, and there are only relatively few cases of mutualism, (half) parasitism and
commensalism (for example, epiphytes and scavengers).
One should not conclude from this that interactions which do not belong to interactions
within communities, cannot be important in structuring communities. On the contrary. The
effects of herbivores on the distribution and abundance of plant species, and hence on the
structure of plant communities, is beyond doubt. The effects of predators, parasites and other
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Of course, the principle would be falsified not on empirical grounds but on analytical
grounds.
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consumer species on the distribution and abundance of prey or host species, and hence on the
communities to which they belong, are more controversial, but there is no reason why such
effects are to be precluded a priori. Such cases of what may be called ’downward structuring’
should be distinguished, moreover, from cases of ’upward structuring’: the dependence of
predators, parasites and other consumer species, and hence of the communities to which they
belong, on the presence and relative abundance of prey or host species.
The question is, however, whether or not communities are to be defined exclusively as
groups of interacting populations. Positive answers to this question are implied by definitions
C1, C3 and C4 above, while the other definitions are neutral in this respect (that is,
compatible with the view that communities may consist of both interacting and noninteracting populations).
Ricklefs (1973) suggests that the term ’association’ be used for a group of populations
occurring together in a certain area, and that the term ’community’ be applied only to groups
of interacting populations (C3). This amounts to making interaction a necessary condition for
community membership. The definition (C4) provided by Strong, Simberloff, Abele and
Thistle (Strong et al. 1984) is less restrictive, requiring only that there be the potential of
interaction, and implicating that interaction may be sufficient but not necessary.
Although the possibility of interaction should not be precluded, of course, there are several
reasons why, in my view, interaction should not be considered a necessary condition for
community membership. Firstly, it would preclude neutralistic species (that is, by definition,
species that do not interact) from belonging to the same community, or to any community for
that matter. Though a radical holist may deny that there are neutralistic species (since all
things are related), it is likely that there are many neutralistic species, also within
communities (though perhaps not within plant communities, since all plant species make
demands on essentially the same resources and, therefore, are likely to compete). Within bird
communities, for instance, it is likely that warblers do not interact with ducks, or ducks with
owls.
Secondly, it would deny community membership to potentially interacting species which do
not, however, for whatever reason, actually interact. Although this is (as with any definition)
partly a matter of convention, I suspect that most ecologists would feel rather uncomfortable
with these implications (because the standard practice is to include species in communities
irrespective of their interactionist status). In addition, to document actual interactions between
species may be a most difficult task in many situations, especially when the supposed
interactions are competitive and of the exploitative (not directly visible) type, implicating that
the criterion is also not easily made operative.
Thus, in my view interaction is not a necessary condition for community membership. It is
not a sufficient condition either. For it may well be possible that two populations, which
occur widely separate in space (and hence do not belong to the same community), still
interact, for instance through seed dispersal or other dispersal processes. Communities are not
closed systems. Suppose, moreover, that as a result of competitive exclusion two populations
occur separately but adjacent to one another in space. Obviously, there could still be (the
potential of) interaction between them along the border of the areas they occupy (settling
boundary conflicts, as it were). The interaction criterion would then force us to say that these
populations belong to the same community, whereas it is precisely in situations like this
(competitive exclusion) that they are said not to coexist and hence to belong to different
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communities.54
The additional requirement, that the populations must occur in the same area, is also
insufficient. Why restricting community membership to interacting (or potentially interacting)
populations which occur in area A and why not extend it to (potentially) interacting
populations in area B encompassing A? In the next section I will argue that the solution lies
in the condition that the areas occupied by the populations must intersect, since it is only
within the intersection area that we can speak of a community. However, this condition is
separately sufficient for community membership and it is neither necessary nor sufficient that
species interact.
9.3
9.3.1

The boundary problem and the problem of heterogeneity
The boundary problem

The final and toughest question is whether communities can be considered discrete, spatially
and/or structurally distinct and homogeneous entities. As mentioned, it seems as if most
ecologists today believe that communities are not discrete, spatially distinct entities but rather
consist of diffuse sets of populations that gradually blend into one another. The major reason
is that the environmental factors, to which species respond in their distribution, are rarely if
ever discretely distributed but form continuous gradients. Populations are often distributed
along such environmental gradients. However, since different populations generally respond
differently to any such gradient, and hence may occur higher or lower on a gradient, they
rarely if ever occupy exactly the same area in a landscape. As a result, the boundaries
between communities, defined as groups of populations, are generally vague and gradual. This
was, in fact, the crux of Gleason’s (1926, 1939, 1963) critique of Clements’ (1916)
superorganism theory (see also Whittaker 1953). The boundary problem is a problem, of
course, because it frustrates adequate descriptions of the structure of communities. Though
it is best known for plant communities, the problem is exacerbated for most animal
communities (excepting groups of animals on small islands, which are often treated as single
communities), because of the motility of most animal species.
As argued above, the statement that communities are groups of populations which occur
together in space and time is inadequate as a definition of community. However, a fair
interpretation of ’to occur together in space and time’ is that populations must occur
simultaneously in a definite, restricted place or area in order to belong to the same
community. This condition is stated explicitly in definitions C4 and C5, and in a certain sense
in definitions C6 (’in a habitat’) and C1 (’in an environment’). It does not offer a solution to
the boundary problem, however, since this problem is precisely how to delineate the areas (or
the ’environments’ or ’habitats’, see below) occupied by communities.
There are three basic ways in which (plant) ecologists have tried to recognize and categorize
communities (McIntosh 1985, p. 130): according to (1) the environment (cf. C1), habitat (cf.
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Of course, this depends also on the definition of the term ’coexistence’. I assume here
that coexisting species belong, by definition, to the same community. Conversely, one could
define a community as a group of coexisting species. The point of interest is that coexisting
species may or may not interact.
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C6) or biotope55; (2) the physiognomy of the vegetation based on the life form of the most
conspicuous species; and (3) the taxonomic composition of the vegetation supplemented by
some measure of the relative abundance of species.
The first approach is based on, and limited by, our ability to recognize different biotopes.
Although the approach may work for communities in such clearly distinctive biotopes as lakes
and forests, it is of no help in delimiting communities within most terrestrial or aquatic
landscapes. For the major reason why communities are often blending into one another is that
biotopes do, that is to say, that external abiotic and/or biotic conditions (in terms of which
biotopes are characterized) are often connected by most gradual transitions (environmental
gradients). Hence, when trying to delineate biotopes we are bound to run into the same sort
of difficulties as beset the delineation of communities.56
It will be clear that the second approach, based on physiognomy, cannot solve the boundary
problem either, since it allows only for the delineation of the area occupied by some
conspicuous species but provides no criteria for the inclusion or exclusion of other species.
There may be exceptions in cases where the structure of a community is largely determined
by one or a few dominant species, such as in forests, but even then the criterion is adequate
only when the population boundaries of the dominant species coincide with those of all other
species that are considered to belong to the same community. Anyway, the criterion is not
generally applicable.
The third approach has been more constructive. It starts by asking, not whether and how
communities can be spatially delineated, but what sets them apart structurally. With structural
differences one usually means species number and composition and relative abundances of
species. Several methods, such as sampling techniques, cluster analyses and (dis)similarity
measures, have been developed to categorize communities on the basis of structural
differences between different areas in a landscape (McCoy et al. 1986). This has led to all
sorts of classification systems of communities (see, among others, Raunkiaer 1934; BraunBlanquet 1964; Müller-Dombois & Ellenberg 1974; Whittaker 1978). These are hierarchical
systems in which one abstracts from concrete communities (phytocoenosa) as they occur in
the field (or, better, in relevés or sample areas) to community types (phytocoena), which are
subsequently grouped into higher units of abstraction (associations, alliances, orders and
classes). The basic idea underlying these systems is that the distribution of species is
determined in the first place by environmental conditions and that in different areas where
more or less the same conditions occur, the same type of community is found.
This approach, which is called phytosociology or vegetation science, has in a sense been
very successful. Still, I will show that the approach has not been drawn to its full
consequences and that, therefore, in its present form, it too cannot solve the boundary
problem. In fact, in its present form it rather creates boundary problems. These can be
resolved, however, within the approach.
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In the next chapter I will argue that the term ’biotope’ is best used for what is meant
here: a particular suite of abiotic and/or biotic conditions in a certain area.
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It may be noted that there is also the danger of circularity here, since a biotope is often
defined as the environment of a community (for example Whittaker et al. 1973; see the next
chapter).
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9.3.2

The problem: communities as groups of populations

Boundary problems result from a combination of two factors, one being ’factual’ or empirical,
the other being conceptual or theoretical. The latter is the view, shared by the majority of
ecologists, that communities are groups of populations occurring together in space and time.
The former is the empirical ’fact’ that mostly, however, population boundaries of different
species in a landscape do not coincide, that is, the fact that populations often do not occur
together in space (and time). Boundary problems, as well as problems of heterogeneity, result
from this remarkable discrepancy between ’theory’ and ’fact’. Assuming that ’the facts’
cannot be changed, clearly there must be something wrong with present theory.57
To illustrate what is wrong, consider the following, simplistic but not entirely unrealistic
example. Let A1, A2,..., A6 be the areas occupied by populations of species S1, S2,..., S6 in
a landscape, and assume that within (but not outside) each of these areas relative abundance
criteria are met. Assume also that each of the areas overlaps with at least one other area
and that total overlap is such that the intersections of A1, A2, A3 and A4, and of A3, A4,
A5 and A6, are non-empty, but that the intersection of A1 and A2, and A5 and A6 is empty
(figure 6). That is, there are two distinct but overlapping clusters of populations, one of

Figure 6: Schematic representation of populations of species S1, S2 and S3, and S4, S5 and
S6 occupying areas A1, A2 and A3, and A4, A5 and A6, respectively. Because A3 ∩ A4 is
non-empty, there is a boundary problem.
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As I have argued in chapter 3, it is difficult to speak of ’facts’ irrespective of ’theory’.
’Facts’ generally appear to be ’facts-in-the-light-of-some-theory’. In the present case too, it
is interesting how the ’facts’ can change with a change of theory, perspective or conceptual
scheme. See also section 9.5.2.
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species S1, S2 and S3, and the other of species S4, S5 and S6. Suppose, in fact, that there
is a classification system according to which S1, S2 and S3 belong to a community type X1,
and S4, S5 and S6 belong to another community type X2. Then, given this typology and
assuming that communities are groups of co-occurring populations, one may indeed take the
two clusters of populations to be communities x1 and x2, of types X1 and X2, respectively.
However, because the intersection of A3 and A4 is non-empty, there is a boundary problem.
Given that communities are groups of populations, it is very difficult, if not impossible, to
resolve this problem in an objective, non-arbitrary way, that is, to draw an objective, nonarbitrary line separating x1 from x2. We might use the lower (southern) boundary of S3, b
ut then parts of S4, S5 and S6 would come to belong to x1, making it no longer a community
of type X1. Similarly, if we use the upper (northern) boundary of S4, parts of S1, S2 and S3
would come to belong to x2, making it no longer a community of type X2. Alternatively, to
solve this problem, we might also take the upper boundary of S4 as the lower boundary of
x1, and the lower boundary of S3 as the upper boundary of x2. This would have the
advantage of x1 and x2 being ’pure’ communities of types X1 and X2, respectively. Howe
ver, the disadvantage would be that the interjacent area (the intersection of A3 and A4) wo
uld be left out of account. To solve that problem, or, rather, to diminish it, we could also use
the lower boundaries of S1 and S2 and the upper boundaries of S5 and S6 as the lower and
upper boundaries, respectively, of two different communities, x3 and x4. In that case,
however, these communities would not be of types X1 and X2 but of, say, types X3 and
X4, respectively, the former being comprised of species S1, S2, S3 and S4, and the latter
being comprised of species S3, S4, S5 and S6. Moreover, there would still be an interjacent
area left out of account: the area in between x3 and x4, containing parts of S3 and S4. To
resolve this latter problem, we could also draw a line (separating x3 from x4, not x1 from x2)
halfway across the interjacent area. We could even define the whole interjacent area as a
transition zone or boundary zone between x3 and x4 (see section 9.3.3). Analogously, we
could also define the whole intersection of A3 and A4 as a boundary zone between x1 and
x2. Each of these options seems more or less arbitrary, and it is for this reason, I think, th
at most (if not all) ecologists have come to accept the ’fact’ that communities cannot but be
defined somewhat arbitrary.
9.3.3

Boundary communities

To be sure, one ’solution’ to the boundary problem has been indeed, as indicated above, to
use the upper boundary of S4 as the lower boundary of a community x1 (of type X1), to use
the lower boundary of S3 as the upper boundary of a community x2 (of type X2), and to
define the intersection of A3 and A4 as a transition zone or boundary area. (Alternatively, one
might define the area in between the lower boundaries of S1 and S2 and the upper boundaries
of S5 and S6 as the transition zone of communities x3 and x4.)
In addition, the observation that the species composition in such transition zones is always
more or less different from the species composition in either of the ’main’ communities they
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’separate’, has led to the creation of so-called boundary communities.58 Two main types of
such boundary communities are being distinguished, namely those occurring in so-called
’limes convergens’ or ’ecotone’ situations, and those occurring in so-called ’limes divergens’
or ’ecocline’ situations (van Leeuwen 1965; van der Maarel 1976, 1990).
A limes convergens is a more or less sharp boundary between communities resulting from
a more or less abrupt change in one or more environmental variables leading to the
convergence or coincidence of population boundaries. Boundary communities in limes
convergens situations are generally less rich in species than the communities they separate.
(Of course, if the population boundaries of all species in a community were to coincide - in
a limes coincidens, so to speak - there would be no boundary problem and no reason to
introduce boundary communities.) A limes divergens, on the other hand, occurs when there
is a gradual change in environmental conditions and when, as a result, populations gradually
merge into one another. In such cases, community boundaries are vague. In limes divergens
situations, boundary communities are generally more rich in species than the communities
they separate.
Limes convergens and limes divergens are considered extremes of a continuum and all sorts
of intermediate boundary communities are possible (Whittaker 1967, 1978; van der Maarel
1976; Austin et al. 1984). The ’boundary community’ in the ’transition zone’ of x1 and x2
(that is, in the intersection of A3 and A4) would be more of a limes divergens community:
it would contain all six species as against the three species of both x1 and x2 (but see note
60). On the other hand, the ’boundary community’ in the ’transition zone’ of x3 and x4 would
be more of a limes convergens community: it would contain only two species (S3 and S4),
as against the four species in each of the ’main’ communities.
9.3.4

The problem of heterogeneity

Of course, to define (and classify) boundary communities is not really to solve the boundary
problem but to accept it as being irresolvable. This is not the only problem, however. In
addition, if population boundaries do not coincide, then lumping groups of populations into
communities will always create communities which are spatially heterogeneous in species
composition.
Consider again the above example and let us take the case where communities x1 and x2
are separated by a boundary community (say x6) in the intersection of A3 and A4 (figure 7).
Each of these communities is heterogeneous in the sense that the species composition in one
part of the total area it occupies is different from that in another part. Within the boundaries
of x1, for example, the species composition in area 2 (S1, S2) is different from the one in,
say, area 5 (S1, S2, S3) or area 6 (S2, S3). Similarly, within x2, the species composition in
area 15 (S4, S5, S6) is different from the one in, say, area 14 (S4, S5) or area 16 (S4, S6).
In fact, each of the intersection areas in figure 7, including those within the boundaries of x6,
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A recent trend in landscape ecology even shows a shift in the attention from ’main’
communities to such boundary communities, or ’ecotones’ as they have also come to be
called, and some have even gone so far as to attribute special properties to these, such as
confering stability to the ’main’ communities they separate (for example, di Castri et al. 1988;
Naiman et al. 1988).
145

Chapter 9

Figure 7: Same example as in figure 6. Each of the numbered areas has a different species
composition. Areas 1, 3, 17 and 19 each contain individuals of only one species.
has a different species composition.
As mentioned before, heterogeneity of communities may be one reason for the present lack
of (well confirmed or corroborated) general laws and theories about communities.
Unfortunately, present classification systems provide a good example. The major criticism of
these systems is that communities as defined by them are hardly ever found in nature, at least
not in their ’pure’, ’ideal’ or typical form: concrete communities in the field
(phytocoenosa) are almost always ’imperfect reflections’ of the ideal types (phytocoena).
Either some species are lacking which according to the system should be present, or others
are present which according to the system should be absent, or both (some examples will be
provided below in section 9.5). The chief cause of this seems to be that community types
(phytocoena) are being abstracted from sets of concrete communities (phytocoenosa) whose
members are often (1) heterogeneous, and (2) more or less variable, and hence different from
one another, qua species composition (though not as different as they are from members of
other sets). That is, both the sets and their members are often heterogeneous.59 Both forms
of heterogeneity disappear, however, in the abstract types (which are more or less fixed
species combinations). As a result, upon (re)turning to the field, one finds that concrete
communities generally deviate considerably, qua species composition, from the ideal types.
This problem would not arise if community types were abstracted from sets of, qua species
composition, homogeneous and identical communities.

59

The former is probably a consequence of the latter, and of the fact that communities are
being defined somewhat arbitrary. For if communities are (1) arbitrary and (2) heterogeneous,
the chances of finding large numbers of communities with equal species composition would
seem to be less than if communities were well-defined (well-delineated) and homogeneous.
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9.3.5

The solution: communities as sets of individuals

For one reason or other, ecologists have never been able to solve the boundary problem, nor
the problem of heterogeneity, and seem to accept them as being irresolvable. This is odd,
because in my view there is a very simple solution to both problems. To arrive at that
solution, recall that both problems result from the fact that communities are being defined as
groups of co-occurring populations, whereas, actually, different populations seldomly co-occur
in exactly the same area. As a result, there will always be populations that range over
communities, no matter how community boundaries are drawn, whence communities will
always be heterogeneous and community boundaries will always be vague. However, if
populations range over communities, then communities cannot be groups of populations!
Rather, populations are cut up into parts belonging to the one community and parts belonging
to another community. (There is no way of defining two or more communities in figure 6 or
7 without cutting up at least some of the populations.) In other words, communities are
comprised of only parts, that is, of only certain groups of individuals, of different populations.
To arrive at a more precise definition, let us take another look at figure 7. Strictly speaking,
the set of individuals in the ’transition zone’ of x1 and x2 (the intersection of A3 and A4)
cannot be regarded as a community in the sense of either type X1 or type X2, since these
types are defined as combinations of, respectively, species S1, S2 and S3, and species S4, S5
and S6, whereas the species composition in the ’transition zone’ is S1, S2, S3, S4, S5 and S6
(but see note 60). This is, of course, the rationale behind the introduction of a boundary
community. However, the solution to the boundary problem is not to define boundary
communities but to take the rationale behind them more seriously. This rationale applies not
only to the transition zone, but to each of the intersection areas in figure 7. That is, strictly
speaking, a community x1 of species S1, S2 and S3 occurs only in the intersection of A1, A2
and A3 (area 5), and it is not true that a community of these species occurs in any of the
other (intersection) areas. Similarly, a community x2 of species S4, S5 and S6 occurs only
in area 15, and it is not true that such a community occurs in any of the other intersection
areas. By the same reasoning, there is no such thing as a (boundary) community x6, defined
as a combination of S1, S2, S3, S4, S5 and S6, in any of the intersection areas 7-13 within
the intersection of A3 and A4.60
The rationale is, of course, that we can speak of a community of two species, A and B, only
in the intersection of the areas occupied by populations of these species, where individuals
of both A and B occur, not in areas where individuals of only one of them occur, nor in areas
where individuals of both A and B and of another species C occur.61 This implies, however,
that communities are to be defined, not as groups of co-occurring populations, but as groups
of co-occurring individuals of different populations. More precisely, then, a community may
be defined as:
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Of course, such a community may be taken to exist in the intersection area as a whole,
but this community would be extremely heterogeneous.
61

Notice that, for the same reason, we cannot speak of communities at all in areas 1, 3,
17 and 19 in figure 7, since each of these areas contains individuals of only one species.
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the set of individuals of two or more species which occur in the intersection of the areas
occupied by populations of these species.62 I will denote this definition as Ci (Community
of individuals).
It will be clear that Ci resolves both the boundary problem and the problem of
heterogeneity. What sets communities apart are differences in species composition. From these
structural boundaries follow, given Ci, discrete, non-overlapping spatial boundaries and within
these boundaries, communities are homogeneous. On Ci, each of the intersection areas in
figure 7 contains a different community, each of these communities is homogeneous, and
community boundaries are discrete and well-defined: they are defined by the lines of
intersection of population boundaries.
Of course, one will still have to use some relative abundance criterion to determine
population boundaries. More generally, one will still have to use some criterion to determine
whether or not a species is sufficiently abundant to be considered ’present’ (that is,
’interesting’ or ’worth counting’) in a certain area, and, hence, to determine whether or not
it is to be included in a community. However, that is a problem besetting any attempt to
define population boundaries, not community boundaries. It is not peculiar, therefore, to the
approach suggested here. What counts in favour of the approach is that, once population
boundaries are fixed, community boundaries follow automatically and unproblematically.
The major operational difference between the present approach and ’classical’ approaches
to communities is that, on Ci, one uses the lines of intersection of population boundaries, not
population boundaries themselves, to define community boundaries. It is only when all the
relevant population boundaries coincide that community boundaries as defined by Ci are
identical with population boundaries.
It should be noted that to view communities as groups of individuals is not entirely new.
Formerly, Westhoff (1951), Westhoff and den Held (1969), and Müller-Dombois and
Ellenberg (1974) also recognized that communities are ’associations’ of individuals.
According to Westhoff and den Held (1969, p. 20), a (concrete) plant community
(phytocoenosis) is "a certain vegetation (English: ’stand’; German: ’Bestand; French:
’groupement végétal’) consisting of mutually influencing plants or plant individuals (..)".
Later, however, the definition was changed by Westhoff and van der Maarel (1973) to "a part
of the vegetation consisting of interacting populations (..)". In recent years, van Andel, Bakker
and Grootjans (1993), Grootjans, Fresco, de Leeuw and Schippers (1994) and Palmer and
White (1994) have come to view communities as groups of individuals. The main difference
between Ci and the definitions provided by these other authors is that Ci is more explicit. It
points explicitly to the group of individuals occurring in the intersection of the areas occupied
by different species populations.
9.4

Possible objections to the solution

There are three objections likely to be raised against Ci. The first one is that application of
Ci will lead to many more (types of) communities than are recognized in ’classical’
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I cannot help noticing the significance of the word ’the’ starting this definition, as it is
so much more definite than the words ’an’ or ’any’ in former definitions of community (such
as C1-C6).
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approaches, so many more, in fact, that the approach is unfeasible. The second objection may
be that application of Ci requires one to establish all the population boundaries in a landscape
in order to define community boundaries. This too could make the approach unfeasible,
especially in species-rich situations. The third objection may be that the approach based on
Ci is too static and doesn’t account for changes in population boundaries. Population
boundaries may change from year to year, whence no community as defined by Ci will last
longer than a season. I will first deal with the former two objections, which have to do with
the structure of communities, and then with the third objection, which has to do with
community dynamics.
9.4.1

Structure and classification of communities

As to the first two objections, it should be noted, first of all, that one cannot have his cake
and eat it too. That is, one cannot solve the above problems with respect to communities and
go on studying them as before. If the approach based on Ci will be more laborious, and if it
will lead to the recognition of more (types of) communities than are recognized in classical
approaches, then so be it.
In the second place, though detecting community boundaries on the basis of Ci may be more
laborious, it is never impossible. Londo (1971), for example, drew population boundaries of
all species occurring in a transect across a dune lake shore. Grootjans, Fresco, de Leeuw and
Schippers (1994) had no trouble in applying the view that communities are groups of
individuals to species-rich Calthion palustris communities in Dutch hay meadows. In section
9.5 I will show, moreover, that (implicit) applications of Ci turn out to be not as uncommon,
and hence not as unfeasible, as one might think.
In the third place, the fact that application of Ci will lead to the recognition of more (types
of) communities should be seen as an advantage rather than a disadvantage. On Ci,
community membership is both better defined and more limited, communities are
homogeneous, and community boundaries are non-overlapping. All of this should facilitate
both the task of providing accurate descriptions of (differences in) the structure of
communities and the task of explaining them. The latter comes closer to explaining the
coexistence of (pairs of) species. Moreover, because on Ci, communities are homogeneous,
the chances of discovering regularities in species co-occurrence patterns are increased. One
may compare this to developments in organic chemistry, where enormous progress was made
when chemists started to work with pure substances instead of mixtures, leading to, among
others, the laws of Lavoisier and Proust and Dalton’s atomic theory.
In the fourth place, it is important to note that Ci is in itself very well compatible with
(present) classification systems of communities. For Ci pertains to concrete communities as
they occur in the field (phytocoenosa), whereas classification systems abstract from them to
form community types (phytocoena) and higher units of abstraction. The relevant difference
is that, on Ci, concrete communities are groups of individuals, whereas community types and
higher units of abstraction are defined as combinations of species. Though Ci will generally
lead to the recognition of more community types than are recognized in classical approaches,
the former will generally encompass the latter (see figure 7: the community types {S1, S2,
S3} and {S4, S5, S6} as defined by the view that communities are groups of populations, are
encompassed by the community types as defined on the basis of Ci). And if and in so far as
this is not the case, it is always possible to group the types as recognized on the basis of Ci
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into higher units of abstraction corresponding to the types distinguished in classical
approaches.
In the fifth and final place, it depends, of course, on the aim of study whether one may
consider to apply Ci. If, for instance, the aim is to describe or map large vegetation
complexes, one need not go into such detailed operations as are required by Ci. However, if
the aim is to discover regularities in species co-occurrence patterns, or to describe or explain
differences in the structure of communities, it seems to me that application of Ci stands a
good chance of leading to interesting results.
9.4.2

Community dynamics

The third objection to Ci may be that population boundaries may change from year to year
and that, therefore, no community as defined by Ci would last longer than a season. This is
true in so far as population boundaries change and in so far as they change so extensively that
they no longer overlap. Firstly, however, not all population boundaries change all the time,
and not all changes of population boundaries are so extensive as to lead to the disappearance
of (Ci-)communities. There are various ways in which population boundaries may change. A
common type of change is that populations extend their areas. In that case, present
communities do not cease to exist, though new communities may be formed. If, for instance,
the population of S5 in figure 7 were to extend its area upwards (northwards) and came to
overlap with the boundaries of S1 and S2, the communities in areas 11, 12, 14, 15 and 16
would remain to exist as before, but new communities of types {S1, S3, S4, S5}, {S1, S2,
S3, S4, S5} and {S2, S3, S4, S5} would come into existence in the (new) intersection areas
of the populations of these species. Or if, for example, the population of S3 were to extend
its area downwards (southwards), the communities in the areas 4-13 would all remain to exist
as before, but new communities of types {S3, S4, S5}, {S3, S4, S5, S6} and {S3, S4, S6}
would arise in the former areas 14, 15 and 16, respectively (implicating that the former
community types in these areas would indeed cease to exist).
Another common type of change is that populations decline and eventually even become
extinct. If a population declines slowly, at first the community or communities to which it
belongs will remain to exist, though the areas they occupy will be decreasing. Of course, if
the population eventually becomes extinct, the community or communities to which it
belonged cease to exist. If, for instance, S6 in figure 7 would slowly decline over a period
of years or even decades, the community of type {S4, S5, S6} would remain to exist for
many years (or even decades), though the area it occupies (15) will slowly become smaller,
until eventually it will cease to exist when the boundary of S6 no longer overlaps with those
of S4 and S5.
Thus, surely, community boundaries change with changes of population boundaries and
communities may even cease to exist, just as they may arise or extend their areas. There is
nothing strange about that. If population boundaries are not stable, then neither are community
boundaries. If species co-occurrences are not stable, then neither is community structure. In
my opinion, this is just as important as the stable coexistence of species in communities. If
there were no stability at all, there would be no reason to study community structure. If there
were no change, there would be no reason to study community dynamics.
In the second place, changes of population boundaries affect every approach of
communities, irrespective of whether they are defined as sets of individuals or as groups of
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populations. Ever from the start, ecologists have had to face the problem of how to combine
theories about community structure with the apparent dynamics of communities (turnover of
species, succession). In my opinion, the view that communities are groups of co-occurring
populations has not particularly helped to solve this problem, precisely because population
boundaries may change all the time. I have never really understood how Clements was able
to combine his superorganism theory (assuming the ’same’ community to continue to exist)
with the ongoing changes in community structure (succession) he described (but see below).
In my opinion, precisely because population boundaries may change all the time,
communities should not be defined as groups of co-occurring populations. This is
incompatible with the fact that populations mostly do not co-occur in exactly the same area.
It is even less compatible with the fact that population boundaries may change. If population
boundaries change in the sense of moving into or out of a particular area occupied by a
community, then the species composition of that area changes, and hence the type of
community occurring there. In the most literal sense, then, the (former) community of that
area ceases to exist and is replaced by (or ’turns into’) another community of another type.
This holds irrespective of whether communities are defined as sets of individuals or as groups
of populations. If, for instance, species S6 in figure 7 were to change its boundary to the
extent that it no longer overlaps with the boundaries of S4 and S5, and especially if S6 were
to become locally extinct, then the community of type {S4, S5 S6} as defined by Ci would
cease to exist. However, it would cease to exist also if it is defined as the group of
populations of S4, S5 and S6 occurring in the union of A4, A5 and A6; in the first place
because this union would change, and in the second place because the species composition
in what is left of the union would change (S6 becoming locally extinct). Thus, in this respect,
there is no difference between Ci and definitions of communities as groups of populations.
The main difference, in this respect, between the approach based on Ci and other, classical
approaches of communities is not between viewing communities as groups of populations or
as sets of individuals. It is rather that on Ci, community types are fixed and singular species
combinations, whereas in classical approaches they are allowed a considerable degree of
variability (heterogeneity) in species composition. In the Braun-Blanquet approach, for
example, one distinguishes between so-called character species, differential species, faithful
species and accompanying species. In order for a concrete community to belong to a certain
type, at least the character species and some differential species must be present but the other
species need not (though often one also allows the former to be absent; see section 9.5). Thus,
concrete communities may differ considerably in species composition but still be taken to
belong to the same type. As a result, also, the species’ composition in a particular area may
change considerably in time without forcing one to say that the community type has changed.
This is indeed the classical way of combining theories of community structure with
community dynamics. It is also the only way of allowing one to say that the same (type of)
community remains to exist in a particular area in spite of population boundaries moving into
or out of that area. The only way of allowing one to say that the same (type of) community
remains to exist, or, alternatively, that ’the’ (same) community has changed ’its’ structure, in
spite of changes of population boundaries, is by allowing community types to be more or less
variable in species composition. For then, one or a few populations moving into or out of an
area need not force one to say that a new type of community has arisen in that area.
The approach has always had to face two difficult problems, however. In the first place, one
must decide how variable (heterogeneous) one should allow community types to be, or, put
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differently, how much variation in species composition one should allow in order for different
communities to belong to the same type. This means that one must also decide how
’impoverished’ or ’enriched’ a concrete community may be in order to still belong to a
particular type. This often leads to difficulties in the classification of communities, even to
the point where classification fails (see the next section for some examples).
In the second place, though from year to year changes of population boundaries need not
be so extensive as to lead to drastic changes in species composition in a given area, over a
long period of years they generally are. In the long run (succession) they certainly are. Thus,
even within classical approaches, there will come a time, sooner or later, when the species
composition in a given area has changed so extensively that one must conclude that the one
type of community has disappeared (ceased to exist) and has been replaced by (or turned into)
another type. On each occasion, the problem is to decide when this time has come.63
Given Ci, these problems do not occur. On Ci, community types are homogeneous: each
species combination defines a separate community type. Therefore, there can never be
classification problems, nor can there be problems in deciding whether the same community
type still exists or has been replaced by another.
On Ci, when population boundaries change, community boundaries change accordingly. This
may, but need not, lead to communities becoming extinct. In time, however, all communities
become extinct and are being replaced by other communities. This holds also when
communities are defined as groups of co-occurring populations, and it holds also when
community types are allowed to be heterogeneous. Thus, the claim that communities as
defined by Ci change or even cease to exist with changes of population boundaries certainly
holds, but it holds also for other definitions.
9.5

An empirical example

In this final section, I will show the empirical adequacy of Ci. In doing so, I will also deal
with a major complication of the above arguments in favour of Ci, namely the enormous
discrepancy between present theory and actual research practice with respect to communities.
For though in theory one holds that communities are groups of co-occurring populations, it
appears that in practice populations are split up into parts belonging to the one community
and parts belonging to other communities, more or less in accordance with Ci. Nevertheless,
boundary problems and problems of heterogeneity occur all the time, in spite of my claim that
Ci solves these problems. The reason is, of course, that Ci is not being applied explicitly and
consistently.
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Notice that the more heterogeneous one allows community types to be, the less difficult
these problems become. In the most extreme case, when we define only one community type
consisting of all species on earth, there will never be a classification problem and, forgetting
about evolution, one will never have to decide about changes in community structure. We
would then be back with one big superorganism, and nothing for community ecologists to
study.
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9.5.1

Salt marsh plant communities

In order to show the empirical adequacy of Ci I will discuss different plant communities at
the Oosterkwelder salt marsh on the Dutch island of Schiermonnikoog, where I did some
research myself (Looijen 1983; Looijen & Bakker 1987; Looijen et al. 1984). I will
concentrate on a section of 32 hectares of this salt marsh, which was grazed by young cattle
for many years prior to 1958, then was abandoned until 1972, when grazing was resumed
(average stocking rate since 1972: 1.6 animal per hectare).
According to the present classification system (Westhoff & den Held 1969), nine plant
community types (at the level of associations) occur in this section, each of which is
represented by several up to a large number of concrete communities (phytocoenosa), together
forming a mosaic of patterns. These types are, on the lower salt marsh and mud flats (-35 up
to 35 cm above mean high water, MHW): Salicornietum strictae typicum, BC Puccinellia
maritima [Puccinellion maritimae] (representing the grazed counterpart of the Puccinellietum
maritimae), and Plantagini-Limonietum; on the higher salt marsh (35-85 cm above MHW):
Artemisietum maritimae and Juncetum gerardii typicum (variants with and without Juncus
maritimus); on the upper salt marsh and at the feet of low dunes (85-125 cm above MHW):
Sagino maritimae-Cochlearietum danicae and a Armeria maritima/Carex arenaria community
type classified as a transition of the Armerion maritimae and the Galio-Koelerion (which
cannot be given a more detailed classification due the absence of character species); and, on
the low dunes (125-205 cm above MHW): a Ammophila arenaria community type which is
also assigned to transitions of the Armerion maritimae and the Galio-Koelerion (also lacking
character species).64 Complete species lists of these community types, including frequency
of occurrence and mean coverage, can be found in Bakker (1989: 188-192).
To discuss the boundary problem, it suffices to restrict ourselves to the dominant species
of these communities (which are not necessarily character species or differential species). In
the following, figures between brackets denote frequency of occurrence and mean coverage,
respectively (where + = 1-5%, a = 6-10%, 1 = 11-20%, 2 = 21-30%, etcetera).
Salicornietum strictae communities are dominated by Salicornia europaea (100/a); BC
Puccinellia maritima communities by Puccinellia maritima (100/+) and Salicornia europaea
(100/+) (as well as Suaeda maritima: 100/+); and Plantagini-Limonietum communities by
Puccinellia maritima (100/4). The dominating species of Artemisietum maritimae communities
is Artemisia maritima (100/3); that of Juncetum gerardii typicum communities (variants
without Juncus maritimus) Juncus gerardii (100/3). Variants of Juncetum gerardii
communities with Juncus maritimus are dominated by Juncus maritimus (100/1) and Festuca
rubra (98/1). Sagino maritimae-Cochlearietum danicae communities are dominated by
Festuca rubra (100/2), as are Armeria maritima/Carex arenaria communities (100/1), while
variants of the latter type with Ammophila arenaria are dominated by Armeria maritima
(100/+) and Ammophila arenaria (80/+). The dominating species of Ammophila arenaria
communities, finally, is Ammophila arenaria (100/a).
Even if we consider only these eight dominant species - the argument holds much stronger
if other species are also involved - it is easy to see that, contrary to present theory,
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Communities of the latter two types are clear examples of the empirical inadequacy of
the present classification system. In other words, they are counter-examples to this system.
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communities are not groups of co-occurring populations. For none of these species is
restricted to a single community (of only one type) but each occurs in more than one
community (of more than one type). This means that the populations (or sub-populations) of
these species are cut up into parts that belong to communities of one type and parts that
belong to communities of (an)other type(s), more or less in accordance with Ci. In fact, if we
were to produce an abstract map of the (sub-)population boundaries of these species,
something very much like (an extended version of) figure 6 would result, with areas A1,...,
A6 representing the areas occupied by populations of, respectively, Salicornia europaea,
Puccinellia maritima, Artemisia maritima, Juncus gerardii, Armeria maritima and Ammophila
arenaria. The map would contain two additional areas, A7 and A8, representing the areas
occupied by populations of, respectively, Festuca rubra and Juncus maritimus. The former
(A7) would intersect all other areas (Festuca rubra co-occurs with all other species, though
only rarely with Salicornia europaea), and the latter (A8) would intersect all other areas but
A6 (Juncus maritimus never co-occurs with Ammophila arenaria). Apart from these additional
areas, the only difference with figure 6 would be that A5, representing the population of
Armeria maritima, should now intersect both A1 and A2, as Armeria maritima co-occurs with
both Salicornia europaea and Puccinellia maritima (though only rarely with the former).65
Thus, if communities were groups of populations, there would be only two types of
communities in this section of the salt marsh, namely communities with and communities
without Ammophila arenaria. Since this is not the case, and presuming that the present
example is not exceptional, this points to an enormous discrepancy between theory and
practice in vegetation science (and community ecology general). That is, theory dictates that
communities are groups of populations, whereas in practice, communities turn out to be
defined as groups of individuals belonging to different populations. (Of course, the
communities which are recognized in this section of salt marsh are set apart by the
abundances of these eight species relative to one another, and by the occurrences and relative
abundances of other species.)
9.5.2

Conceptual schemes

This conclusion leads to a nagging question, however. For if, in practice, communities are
defined as sets of individuals, more or less in accordance with Ci, then why are vegetation
scientists still facing boundary problems, and why are the communities they describe
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One should not conclude from this that all or most of the species co-occur in every
concrete community: sometimes they do, sometimes they don’t. The most extreme example
is Salicornia europaea which co-occurs with no other species but Puccinellia maritima in
Salicornietum strictae communities, with only Puccinellia maritima and Juncus gerardii in
BC Puccinellia maritima communities, and with only Puccinellia maritima, Juncus gerardii,
Festuca rubra and Artemisia maritima in Plantagini-Limonietum communities. The species
(co-)occurs only rarely (with other species) in Juncetum gerardii typicum communities, and
it does not (co-)occur (with other species) in communities of the upper salt marsh and of the
low dunes. That is to say, Salicornia europaea actually has an almost exclusive distribution
relative to most other species. The other species, however, co-occur in many more (types of)
communities.
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nevertheless often heterogeneous, contrary to my claim that Ci resolves these problems?
I think the main reason is that vegetation scientists simply do not think of communities
explicitly as groups of individuals, in accordance with Ci, and therefore do not explicitly use
(all) the lines of intersection of population boundaries to define community boundaries.
Instead, their conceptual scheme dictates that communities are groups of populations, whence
they are inclined to use (only some) population boundaries as community boundaries. As a
result, Ci is generally met only halfway or partially. That is, the empirical fact that population
(or sub-population) boundaries often diverge forces vegetation scientists to delineate
communities in accordance with Ci, but only up to a certain point (that is, with respect to
only a subset of all the populations involved). Beyond that, their conceptual scheme forces
them to end up delineating communities in other ways (for instance, by using the population
boundaries or high performance boundaries of some dominant species, physiognomically
conspicuous species, character species or differential species as community boundaries).66
One of many possible examples to illustrate this may be found in van der Maarel (1976).
Van der Maarel writes: "Plant community boundaries involve patterns, either of a single plant
population, or of groups of populations with coinciding population boundaries" (p.424). His
paper is called "On the establishment of plant community boundaries", however, because most
communities occur in situations where there is no (complete) coincidence of population
boundaries (whence van der Maarel’s discussion of limes convergens and limes divergens
communities). Referring to the study of Londo (1971), who drew population boundaries of
all plant species occurring in a transect across a dune lake shore, van der Maarel (1976: 423)
remarks that "although there appear boundaries everywhere in the transects, clear
concentrations [i.e. convergences or coincidences, RL] are found, which usually coincide with
phytocoenose boundaries detected earlier in that study". This should come as no surprise,
because the only cases where community boundaries coincide with population boundaries is
when population boundaries coincide. In such cases, it makes no difference to community
boundaries whether communities are defined as groups of populations or as groups of
individuals, because then the lines of intersection of population boundaries are identical to the
population boundaries. Consequently, no boundary problems arise. However, as soon as
population boundaries diverge (that is, in limes divergens situations and to a lesser extent in
limes convergens - as distinct from ’limes coincidens’ - situations), community boundary
problems are bound to arise when one still uses (some) population boundaries as community
boundaries. Notice also that, as another consequence of this view: "Many observations (...)
suggest the occurrence of population patterns and boundaries within phytocoenoses" (van der
Maarel 1976, p.423/424), that is, that communities are heterogeneous.
More in particular, boundary problems and problems of heterogeneity may arise because of
(1) the distinctions which are being made in classification systems between, on the one side,
character species or differential species, and, on the other side, accompanying species and
other species, and (2) the use of population boundaries or high performance boundaries of
such character species or differential species, or of some other, dominant or physiognomically
conspicuous, species, as community boundaries.
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Generally, communities appear to be delineated on the basis of a mixture of taxonomical
and physiognomical characteristics as determined partly by visual inspection of the vegetation,
and partly by the relevant typology or classification system.
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The former may be illustrated by what are supposed to be Plantagini-Limonietum
communities on the island of Schiermonnikoog. According to Westhoff and den Held (1969),
the character species of the Plantagini-Limonietum are Plantago maritima and Limonium
vulgare. According to Bakker (1989: 188, table VII.1), however, both species occur in only
49% of the (97) relevés in what are supposed to be Plantagini-Limonietum communities
(mean coverage 1-5% and 6-10%, respectively), and both species occur also, and Plantago
maritima even more frequently and in equal or higher relative abundance, in communities of
other types (in particular of the Juncetum gerardii). Clearly, there is either a problem of
empirical inadequacy (falsification) of the classification system or a problem of heterogeneity
(at the level of the community type) in communities where either one or both species are
lacking. There are boundary problems both when either one or both species are lacking, and
when both species are present. When both species are present, there are boundary problems
because both species occur also (and Plantago maritima with even higher frequency and
relative abundance) in adjacent communities (of the Juncetum gerardii). When either one or
both species are lacking, there are boundary problems because then the boundaries of what
are supposed to be Plantagini-Limonietum communities have to be established on the basis
of the occurrences and relative abundances of other species, which, however, not being
character species, occur also in other, adjacent communities. Both problems can be resolved
only by consistently applying Ci. This implies that one should accommodate the classification
system by introducing more community types (viz. types with and without Plantago maritima
and types with and without Limonium vulgare).
Similar problems may (but need not) arise when the population boundaries of a
physiognomically conspicuous species are used as community boundaries. This may be
illustrated by communities of the Juncetum gerardii typicum variant with Juncus maritimus.
These communities are easily recognized and delineated by simply taking the boundaries of
Juncus maritimus clumps (sub-populations) as community boundaries. However, the
boundaries of Juncus maritimus clumps are often run across by population boundaries of other
species, most notably Elymus pycnanthus and Artemisia maritima. In these cases, communities
of this type become heterogeneous if one continues to use the boundaries of Juncus maritimus
clumps as community boundaries. In addition, boundary problems arise, because the parts of
Juncus maritimus clumps with, say, Artemisia maritima create a boundary zone between, on
the one side, a community of the Juncetum gerardii typicum variant with Juncus maritimus,
and, on the other side, an Artemisietum maritimae community. Again, both problems can be
resolved only by consistently applying Ci (which implies, in this case, the introduction of
another community type with both Juncus maritimus and Artemisia maritima).
Perhaps the most common type of boundary problem arises because the relative abundance
criteria which are used to delineate communities are different from the criteria used to
delineate populations (that is, because high performance boundaries are used as community
boundaries). This may be illustrated by Juncetum gerardii typicum and Artemisietum
maritimae communities and their respective dominating species, Juncus gerardii and
Artemisia maritima (the latter also being a physiognomically conspicuous species). According
to Westhoff & den Held (1969), the differential species of Juncetum gerardii typicum
communities with respect to Artemisietum maritimae communities (both associations belong
to the same alliance Armerion maritimae) is Juncus gerardii. However, according to Bakker
(1989: 189, table VII.2), Juncus gerardii occurs in 49% of the (95) relevés in what are
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supposed to be Artemisietum maritimae communities. In fact, the species composition of these
two types of communities is almost identical. What sets them apart, however, is that Artemisia
maritima has a mean coverage of 31-40% in Artemisietum maritimae communities as against
a mean coverage of 1-5% in Juncetum gerardii typicum communities, and that Juncus
gerardii has a mean coverage of 31-40% in Juncetum gerardii typicum communities as
against a mean coverage of 1-5% in Artemisietum maritimae communities. This means,
however, that there is a boundary zone, and hence a boundary problem, in between
communities of these types, where both Artemisia maritima and Juncus gerardii have a mean
coverage of 5-30%. Applying Ci in this case involves a shift of community boundaries from
high performance boundaries to the lines of intersection of population boundaries, as well as
the introduction of another community type with both Juncus gerardii and Artemisia
maritima.
9.6

Animal communities

As mentioned in the introduction, because of the motility of most animal species, the
boundary problem is even more serious with respect to animal communities as it is with
respect to plant communities. Therefore, animal communities are even less to be considered
groups of co-occurring populations than are plant communities. In fact, in animal ecology the
boundary problem is so evident that it is not even recognized as a problem. Also, therefore,
in animal ecology there is no tradition of trying to set up classification systems of
communities, and community studies are much more studies of species’ coexistence patterns
than they are in plant ecology. Thus, as a final note to this chapter, it should be mentioned
that Ci applies all the more to animal communities. As a matter of fact, I think that in animal
ecology Ci is being applied, implicitly or explicitly, even more than in plant ecology. Of
course, in animal ecology too, the problem is to determine population boundaries but, again,
that is a problem besetting every approach of communities and it is not typical of Ci. As an
alternative one might consider determining the home ranges of individuals (as is often done)
and to map them on top of each other to determine community boundaries.
9.7

Conclusion

The purpose of this chapter was to provide a conceptual clarification of the term ’community’
and to define it unambiguously. I have done so by arguing, first, that the term community is
best used only for groups of coexisting species belonging to a single taxonomic group (class
or phylum) in the sense of plants, birds, insects, etcetera, where the term ’biocoenoses’ may
be used for groups of species belonging to different taxonomic groups and comprising the
biotic component of a ecosystem. Also, I have argued that, although species within
communities may interact with each other, interaction is itself not a necessary nor a sufficient
condition for community membership. Finally, I have argued that communities should not be
seen as groups of coexisting populations of different species, but as sets of coexisting
individuals of different species, occurring in the areas of intersection of populations of these
species. This definition resolves, at least in theory, both the boundary problem and the
problem of heterogeneity in community ecology, thus providing a better chance of discovering
regularities in species co-occurrence patterns in communities. Though the definition was
developed with a special view to plant communities, it is, because of the motility of most
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animals, even more adequate with respect to animal (bird, reptile, etcetera) communities.
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CHAPTER 10
THE DISTINCTION BETWEEN HABITAT AND NICHE67
10.1

Introduction

In the next chapter I will discuss the reduction of the Lotka/Volterra competition model to
modern niche theory. Before being able to do so, however, I will have to deal with the
meaning of the term ’niche’. For the niche concept in modern niche theory is not the only
niche concept being used in ecology and, more importantly, it is also not commonly
recognized as the most adequate niche concept. There is not a single ecological handbook in
which modern niche theory is recognized as such. Usually, various niche concepts are being
used interchangeably. One of the purposes of the present chapter is to show that the niche
concept in modern niche theory is the only adequate niche concept.
One cannot discuss the term ’niche’ without dealing with another term, which is at least as
ambiguous, to wit ’habitat’. One of the problems besetting modern niche theory is the
confusion of the concept ’niche’ with the concept ’habitat’. In spite of earlier attempts at
elucidation (Hutchinson 1957; Odum 1971; Vandermeer 1972; Whittaker et al. 1973;
Rejmanek and Jenik 1975; Grubb 1977, 1985; Alley 1982; Aarssen 1984; Giller 1984; Holt
1987; Schoener 1989), these concepts have remained controversial for decades and the
distinction is still unclear. The situation is even so bad, particularly with respect to the niche
concept, that the baby is thrown away with the bath-water (Chesson 1991; Shorrocks 1991).
Conceptual analysis of the ecological literature reveals that there are at least four different
habitat concepts and as many niche concepts, where two of these habitat concepts correspond
to two of these niche concepts. In addition, different habitat concepts correspond to different
concepts of environment and to different concepts of biotope.
My purpose in this chapter is to sort out these various concepts and to suggest a clear
assignment of terms. I will start with the habitat concept (10.2) and then discuss the niche
concept (10.3). After that I will draw some conclusions pertaining to the difference between
’habitat differentiation’ and ’niche differentiation’ (10.4), two ’principles’ that are used to
explain the coexistence or non-coexistence of species in communities (habitat differentiation
leading to non-coexistence of species and niche differentiation being a mechanism of
coexistence). These conclusions are remarkably close to what is commonly held about these
principles, which I take to be strong support for the definitions of the concepts ’habitat’ and
’niche’ here proposed.
Because both ’habitat’ and ’niche’ are being defined in terms of environment (or of
environmental, biotic and/or abiotic, variables), and because this is itself an extremely
confusing term, I will have to start by discussing the several different meanings of the term
’environment’. In addition, because of the correspondences between different concepts of
habitat and biotope, I will also discuss the various meanings of the term ’biotope’. For ease
of exposition, I have used symbols to denote all these different concepts (E1, E2, ... for
different concepts of environment; H1, H2, ... for different concepts of habitat, etcetera) and
I have listed definitions of them in boxes. Readers who are unfamiliar with the subject, and
who may get confused by all these concepts and symbols, may find relief in consulting these
boxes. Boxes 2, 3 and 4 contain the various definitions of the terms ’environment’, ’habitat’

67

This chapter is a slightly modified version of Looijen (1995).
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and ’biotope’, respectively, which I have found in (or exerted from) the ecological literature.
These definitions are discussed in sections 10.2.1 to 10.2.4, where I will argue in favour of
the one definition and against others. The results of this, a list of recommended definitions,
are presented in box 5. (Readers who do get confused by all the concepts I discuss are
advised to consult box 5 first.) Similarly, box 6 contains the various definitions of the term
’niche’ which I have found in the ecological literature. These are discussed in sections 10.3.1
to 10.3.5, and the results, my recommended definitions, are presented in box 7.
10.2
10.2.1

Habitat
Different concepts of environment

Though undoubtedly the most common term in ecology, the term ’environment’ has seldom
been defined explicitly. Where it is, the term is typically defined relative to organisms, as the
sum total of abiotic and biotic factors surrounding and in some way affecting an organism or
a group of organisms (for example Kendeigh 1961; McNaughton and Wolf 1973; Ricklefs
1973; Pianka 1974; Barbour et al. 1980; Andrewartha and Birch 1984; Krebs 1988; Freedman
1989; Brandon 1990, 1992). However, every ecologist uses the term also for a place concept,
for the set of biotic and/or abiotic factors occurring at a certain place. In addition, when
speaking of homogeneous or heterogeneous, fine-grained or coarse-grained environments,
every ecologist uses the term environment also for an area characterized by distinct, more or
less uniform, biotic and/or abiotic conditions. I will refer to these different concepts as E1,
E2 and E3, respectively (box 2).

E1:
E2:
E3:

the sum total of abiotic and biotic factors surrounding and in some way affecting
an organism or a group of organisms.
the set of biotic and/or abiotic factors occurring at a certain place.
an area characterized by distinct, more or less uniform, biotic and/or abiotic
conditions.

Box 2: Different concepts of environment in the ecological literature.
E1 defines the ’Lebensraum’ of an organism, the particular suite of biotic and/or abiotic
conditions in which it lives (and to which, supposedly, it is adapted). This is identical to one
particular concept of habitat (H1, see 10.2.2), namely the standing place or living place of
an organism or a group of organisms. It is impossible, however, to explicate this concept
(E1/H1) without appealing to E2 or E3, that is, without invoking the E2- or E3-environment
that is supposed to make up the standing or living place of the organism or group of
organisms. Therefore, to avoid circularity, if the concept of habitat is to be defined in terms
of environment, ’environment’ should not be defined in the sense of E1.
E2 is based on the view that any arbitrary section of physical space (a place of whatever
size) consists of, and can be characterized in terms of, a particular combination of values of
abiotic and biotic variables, which is called the E2-environment of the place. Thus, what is
termed an E2-environment is determined by what is considered a place. In the extremes, it
may be the smallest perceivable section of physical space, but also the largest (that is,
physical space in its entirety). In this sense, one speaks also of the earth’s environment. In
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what follows, however, I will presume that a place is a relatively small section of physical
space (relative to the kind of organisms being studied), and I will use the term ’area’ for
larger sections (an area being defined as a set of adjacent places).
E3 is based on the observation that there are, in any landscape, different areas with more
or less clearly distinct suites of biotic and/or abiotic conditions. E3-environments are usually
characterized in terms of broad categories of soil (such as terrestrial or aquatic, acidic or
basic, sandy or loamy, rich or poor) or of vegetation cover (such as type of woodland or
grassland, reed-marsh, mangrove, etcetera). In this sense, environments correspond to what
some call habitats and others biotopes (H3, B3; see sections 10.2.2 and 10.2.4). Because
abiotic and biotic conditions are often connected by most gradual transitions (’environmental’
gradients), it may be extremely difficult to delineate different E3-environments from one
another (see chapter 9). Nevertheless, the areas occupied by E3-environments are more or less
fixed by the uniformity (or similarity) condition. That is, generally, the variation of values of
biotic and/or abiotic variables is smaller within than between E3-environments.
There is an asymmetry between E2- and E3-environments in that every E3-environment is
an E2-environment, but not every E2-environment is an E3-environment. For any E3environment occupying some area may be considered the E2-environment of that area, but
the term E2-environment applies also, whereas the term E3-environment does not, to the sum
of biotic and/or abiotic variables occurring at some place within that area.
In the rest of this chapter I will use the term ’environment’ (unless stated otherwise or when
citing others) in the sense of E2, because it (and only it) allows the other concepts (E1, E3,
to be called either habitats or biotopes; see 10.2.4) to be defined in terms of environment.
More specifically, presuming a base set of places and a base set of abiotic and biotic
variables, I will define an environment-type as a particular set (or combination) of values of
abiotic and biotic variables, and I will assume that, at any one time, each place has an (one)
environment of a certain type. Of course, at different times the same place may have different
environments, and different places may have environments of either the same type or different
types.
E3-environments (that is, habitats or biotopes), then, may be defined as sets of more or less
similar (E2) environments, an E3-environment being (completely) homogeneous when it is
comprised of a set of identical (E2) environments, and (more or less) heterogeneous when it
is comprised of a set of (E2) environments which are (significantly) different from one
another in the value of at least one abiotic or biotic variable (though not as different,
generally, as they are from (E2) environments comprising other types of E3-environments).
10.2.2

Different concepts of habitat

Definitions of ’habitat’ in the ecological literature refer to at least four different concepts (box
3). The first of these (H1) is the concept of habitat as standing place or living place of an
organism or a species, meaning the (E2- or E3-)environment or the set of (E2- or E3-)
environments in which the organism or species lives (for example Kendeigh 1961; Hanson
1962; Odum 1971; McNaughton and Wolf 1973; Whittaker et al. 1973; Barbour et al. 1980;
Krebs 1988, 1994).
The second habitat concept (H2) is that of the set of (E2- or E3-)environments meeting a
species’ ecological requirements and tolerances, that is, the set of (E2- or E3-)environments
in which the species could, but need not actually, live. This is the concept of habitat as
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habitable place or suitable environment for a species (for example Odum 1971; Whittaker et
al. 1973; Whittaker 1975; Andrewartha and Birch 1984).
The third concept (H3) is the one of habitat as a particular kind of E3-environment within
which many species may live. This concept corresponds to E3, but carries with it the
connotation of being suitable for many species (for example Daubenmire 1968; Whittaker et
al. 1973; Begon and Mortimer 1981).
The fourth concept (H4), finally, is the concept of habitat as the (E3?) environment of a
community (for example Kendeigh 1961; Hanson 1962; Whittaker et al. 1973; Krebs 1988,
1994; Begon and Mortimer 1981). (Notice that many authors use the term ’habitat’
interchangeably for two or more of these concepts.)

H1:
H2:
H3:
H4:

the set of (E2 or E3) environments in which a species lives.
the set of (E2 or E3) environments meeting a species’ ecological requirements
and tolerances.
an E3-environment within which many species may live.
the (E3?) environment of a community

Box 3: Different concepts of habitat in the ecological literature.
The question is, of course, in what sense ’environment’ is being used in these definitions.
Obviously, H3 refers to E3, but things are not that clear when it comes to H1, H2, and H4
On the one hand, the H1-habitat of an individual organism may well be the E2-environment
of the place which is occupied by the organism, whence the H1-habitat of a species
(population) would be the set of E2-environments of the places occupied by individuals of
the species (population). This may or may not be an E3-environment. (A species’ population
may be restricted to a set of E2-environments within an E3-environment, but also range over
two or more E3-environments.) On the other hand, this seems relevant only with respect to
sessile species. With respect to motile species, even the H1-habitat of a single organism may
consist of at least a set of E2-environments, and just as well be a set of E3-environments.
Hence, the H1-habitats of species (populations) may just as well be sets of E3-environments
as sets of E2-environments. Considering, however, that ’the set of E2-environments where
individuals of the species occur’ implicates ’the set of E3-environments where individuals of
the species occur’, but not the other way around (because the former is contained in, or a
subset of, the latter), it seems safe to define H1 as the set of E2-environments in which
individuals of a species live. Similarly, H2 may be defined as the set of E2-environments in
which individuals of a species could (but need not actually) live.
The difference between H1 and H2 may be put by calling H2 the potential habitat of a
species and H1 its actual or realized habitat (the latter being a subset of the former). An
important implication of this difference is that habitat as H2 may be used (as one of many
possible factors) to explain habitat as H1. That is, H1 is a descriptive concept, whereas H2
may be used as an explanatory concept. For given the ecological requirements and tolerances
of a species, it is possible to determine whether or not some environment belongs to its H2-
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habitat, hence to explain why it has the H1-habitat it has.68 Naturally, if a species is absent
from an environment even though this is considered to belong to its H2-habitat, its absence
must be explained by other factors (for instance isolation).
H3 too may be used as an explanatory concept. H3 allows one to explain a species’
presence in (or absence from) an area in terms of the habitat of the area being suitable (or
unsuitable) for the species. This is the sense in which many biogeographers (for example
Diamond 1975; see chapter 13) use habitat. The difference between H2 and H3 is, of course,
that the former refers to the set of environments which are suitable to a (one) species, whereas
the latter refers to a (one) E3-environment which may be suitable to more than one particular
species.
What exactly is meant with H4 depends not only on the meaning of the term ’environment’
but also on that of the term ’community’. It would go too far, however, to sort out all
possible interpretations of H4 on the grounds of the various definitions of the term
’community’. Two remarks will have to suffice.
Firstly, it seems safe to say that the ’environment’ of a community is ’the set of (E2)
environments of the places occupied by all the individuals of the community’. This is in line
with the definition of the term ’community’ I have given myself in the former chapter, but
it seems compatible with most other definitions as well. However, apart from its descriptive
adequacy, there doesn’t seem to be much use for this as a separate habitat concept. Secondly,
on other definitions of the community concept, such as ’all the organisms living in a certain
habitat or biotope’ (where ’habitat’ and ’biotope’ are used in the sense of E3), H4 reduces to
H3, in which case there is also no need for H4 as a separate concept. For this and other
reasons, I will suppose in the rest of this chapter that H4 reduces to H3. (Notice that H4
reduces also to H3 when ’the set of environments of the places occupied by all the individuals
of a community’ constitutes an E3-environment.)
The major difference between H1 and H2 on the one hand and H3 and H4 on the other, is
that the former are species concepts (relating to one particular species), whereas the latter are
community (or many species) concepts. That is, habitats in the sense of H1 or H2 cannot be
determined independently of a particular species, whereas habitats in the sense of H3 (and H4
in those cases where it reduces to H3) can. Also, whereas H3 and H4 allow many species to
occupy a single habitat, H1 and H2 presuppose that each species has its own unique habitat
and that there are as many habitats as there are species (not precluding, however, the
possibility of habitat overlap).
10.2.3

Problems of ambiguity

To use the same term for such different concepts is, of course, confusing and may have more
serious consequences. For instance, in a paper (nota bene) on the clarification of the terms
’habitat’ and ’niche’, Whittaker, Levin and Root (1973) end up suggesting the following
’definition’ of habitat: "[the] habitat [of a species]" is described by "the species’ population
response to habitat variables within [the] habitat hypervolume [which the] species occupies
[in the] habitat hyperspace defined by the [..] variables of physical and chemical environment
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Of course, the explanatory power comes not from the application of the term ’habitat’,
but from knowledge of the ecological requirements and tolerances of species.
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that form spatial gradients in a landscape or area" (Whittaker et al. 1973, p. 334; emphasis
added).69 This ’definition’ is unintelligible, of course, because the authors confuse at least
two different habitat concepts: they aim to define the species concept (more specifically: H1),
but their definiens refers to the community concept (H3).
A similar sort of confusion can be found in a well known ecological handbook (Begon et
al. 1986), where it is stated on the one hand that "each organism’s habitat (..) is unique" (p.
513), presupposing H1 or H2, while a few lines later it is concluded that "a small woodland
might be a heterogeneous habitat for a beetle attacking aggregates of aphids, a homogeneous
habitat for a rodent collecting seeds from the woodland floor, and part of a heterogeneous
habitat for a large, predatory buzzard ranging over a wider area of ground", where it is
unclear whether H2 or H3 is being presupposed. Elsewhere, the authors note that "a woodland
habitat, for example, may provide niches for warblers, oak trees, spiders and myriads of other
species" (p. 74), clearly presupposing H3.
That things may get worse than confusion may be illustrated by the afore-mentioned (9.2.3)
competitive exclusion principle (CEP). According to Begon, Harper and Townsend (1986, p.
260), the CEP may be read as: "If two competing species coexist in a stable environment, then
they do so as a result of niche differentiation, i.e. differentiation of their realized niches. If,
however, there is no such differentiation, or if it is precluded by the habitat, then one
competing species will eliminate or exclude the other" (second and third emphasis added).
Presuming that the terms ’environment’ and ’habitat’ co-refer, this boils down to roughly the
same as: "Different species having identical ecological niches cannot coexist for long in the
same habitat" (DeBach 1966, p. 184). However, if each organism (or species) has its own
unique habitat, as the authors also hold, then ’coexistence in a habitat’ is a contradiction of
terms, turning the CEP into a tautology (irrespective of whether or not the species have
identical niches).
Things get all the worse when we find that the term ’niche’ is also being used for several
different concepts, one of them being identical to the concept of habitat as the standing place
or living place of a species (see section 10.3). Thus, with some exaggeration, the above
formulation of the CEP may also be read as: ’different species having identical niches cannot
coexist for long in the same niche’. Who knows?
10.2.4

Habitat and biotope

Clearly, these and similar problems can be resolved only by having unambiguous and
mutually exclusive definitions of terms. Now the term ’biotope’ is being used interchangeably
with habitat, the latter more in English and the former more in other European languages (box
4). In English, the term biotope is used for the ’environment’ of a community (that is, B1 =
H4). In other European languages it is used for the set of environments which are suitable for
a particular species (that is, B2 = H2). And in both English and other European languages,
it is also used for "a topographic unit characterized by both uniform physical conditions and
uniform plant and animal life" (Kendeigh 1961; see also Hanson 1962), that is, for particular
kinds of E3-environments (that is, B3 = E3 = H3).
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I have changed the order of words in this quote, without, however, changing its
’meaning’.
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H1:
H2/B2:
H3/B3:
H4/B1:

the set of environments in which a species lives.
the set of environments meeting a species’ ecological requirements and
tolerances.
an E3-environment within which many species may live.
the (E3?) environment of a community.

Box 4: Different concepts of habitat and of biotope in the ecological literature.

Thus, there are three biotope concepts, each of them corresponding to one particular concept
of habitat. Leaving aside the concepts of habitat and biotope as the E3-environment of a
community (H4 and B1) (assuming again that H4, and hence B1, reduces to H3), the above
problems can be resolved, therefore, by assigning either the term habitat or the term biotope
to the community concept (H3/B3/E3) and the other term to the species concept (H2/B2). The
choice is more or less arbitrary (and, unfortunately, will always dissatisfy some people), but
there are two reasons why, in my view, the term ’habitat’ is best used for the species concept.
In the first place, if we were to assign the term habitat to the community concept
(H3/B3/E3) and the term biotope to the one species concept (H2/B2: potential habitat), the
other species concept (H1: realized habitat) would be left out of account. Of course, one
might invent a new term for H1 (for example: realized biotope), but it doesn’t seem wise to
add yet another term to the already confusing vocabulary. It seems more appropriate,
therefore, to assign biotope to the community concept (B3) and habitat to the species concept,
where the distinction between potential habitat (H2) and realized habitat (H1) may be retained
(or made explicit).

environment:
biotope:

potential habitat:
realized habitat:

the set, or combination, of (values of) biotic and/or abiotic
variables occurring at a certain place (E2).
an area (topographic unit) characterized by distinct, more or less
uniform biotic and/or abiotic conditions (that is, a set of adjacent
places having more or less similar environments) (B3 = E3 = H3).
the set of environments meeting a species’ ecological
requirements and tolerances (H2).
the set of environments in which a species lives (H1).

Box 5: Recommended definitions of the concepts of environment, biotope and habitat.
The second, more important, reason is that this or a like distinction between potential and
realized habitat is required in order to formulate the concept of habitat differentiation. For
habitat differentiation pertains to spatial differentiation of species such that each species ends
up occupying only a subset of the set of environments which it could potentially occupy. In
other words, the species’ realized habitats (H1) are subsets of their potential habitats (H2).
Thus, habitat differentiation may be defined as reduction of habitat overlap such that realized
habitat overlap is less than potential habitat overlap (but see section 10.4.1, for a slight
qualification of this formulation). This concept would be much less easy to define if we were
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to use the term habitat for the community concept.
Box 5 summarizes the results so far. It provides a list of recommended definitions of the
terms environment, biotope and (potential and realized) habitat which are separately
unambiguous and jointly coherent and consistent.
10.3
10.3.1

Niche
Different niche concepts

There are at least four different niche concepts in ecology (box 6). The first of them (N1)
originated with Grinnell (1917, 1924, 1928), who subsequently defined a niche as ’the place
a species occupies in an association [that is, a biocoenosis, RL]’, ’the ultimate unit of habitat’,
and ’the ultimate distributional unit within which a species is held by its structural and
functional limitations’. To Grinnell, a niche was a ’place’ or ’space’ (recess) in a biocoenosis
or ecosystem where a species could find food and escape from enemies (predators). Whether
or not to his intention, this concept has been interpreted as equivalent to habitat as standing
place, and has come to be known as the ’habitat niche’ or ’place niche’ (for example Odum
1971; Grubb 1977). There is no need to waste much time on this concept: if niche is
equivalent to habitat, then ’habitat niche’ is a pleonasm and hence superfluous; and if niche
is not equivalent to habitat, the question remains what the term ’niche’ refers to.
The second niche concept (N2) is the Eltonian functional niche: the role a species has in
a community or biocoenosis, where with ’role’ is meant the species’ habits and mode of life
and, specifically, its position in a food chain or web, that is, its relations to food and enemies
(Elton 1927; see also Odum 1971; Whittaker et al. 1973). Elton developed the idea that
biocoenoses are closely related groups of interacting species, where each species plays a
certain role in the larger group, that is, fills a particular niche. Characteristic of his niche
concept is, however, that the ’role’ played by a particular species may be played also by other
species, or, in other words, that the niche filled by the one species may be filled also by other
species. The ’role’ of the kestrel as a ’mouse-eater’, for example, may be played also by the
buzzard. "For instance, there is the niche which is filled by birds of prey which eat small
mammals... Or we might take as a niche all the carnivores which prey upon small mammals,
and distinguish them from those which prey upon insects" (Elton 1927, p. 64). Odum (1971)
tried to illustrate the difference between N1 and N2 by the terms ’address’ and ’profession’,
respectively. Many have taken this to be the difference between habitat (address) and niche
(profession).
The third niche concept (N3) is Hutchinson’s (1957) abstract multidimensional niche.
Hutchinson distinguished between a species’ fundamental niche (later also called potential
niche) and its realized niche. He defined the fundamental niche of a species as the
hypervolume defined by the limiting values of all environmental variables, both physical and
biotic, relative to the species, allowing it to survive and reproduce. This can best be pictured
by starting with two environmental variables and supposing that for each variable there is a
range of values to which a species is adapted and which allow it to survive and reproduce.
When the two variables are plotted against each other, one obtains an area defined by the
combinations of values of the two variables which allow the species to survive and reproduce.
When a third variable is added, also with a range of values to which the species is adapted,
one obtains a volume defined by the combinations of values of the three variables which
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N1:
N2:
N3:

N4:

the habitat niche or place niche, that is, the standing or living place of a species.
the functional niche, that is, the intracommunity role of a species, its relations
to food and other species.
the multidimensional niche, that is, the hypervolume defined by the limiting
values of all environmental variables relative to a species, allowing it to survive
and reproduce (fundamental niche), or the subset of this resulting from
interactions with other species (realized niche).
the trophic niche or resource niche, that is, the full set of resources and resource
states that meet minimal requirements for a species (potential niche), or the
subset of this resulting from interactions with other species (realized niche).

Box 6: Different concepts of niche in the ecological literature.
allow the species to survive and reproduce. One can go on like this until all environmental
variables relative to the species are included. The resulting hypervolume is, in Hutchinson’s
terminology, the fundamental niche of the species. Hutchinson defined the realized niche of
a species as the subset of its fundamental niche resulting from interactions with other species,
where he had in mind in particular competitors.
The fourth niche concept (N4) is in fact a restriction of Hutchinson’s multidimensional niche
to resource variables, where a similar distinction is made between potential and realized niche.
The former may be defined as the full set of resources and resource states that meet minimal
requirements for a species, the latter as the subset of this resulting from interactions with
other species (but see section 10.3.5 for some nuances). This concept lies at the heart of
mathematical competition and predation (resource-consumer) models (for example MacArthur
and Levins 1964; Rescigno and Richardson 1965; MacArthur 1968; Levins 1968; May 1981;
Pianka 1981; Glasser and Price 1982, 1988; Tilman 1982, 1988; Holt 1984, 1987; Abrams
1986, 1988a). It is also the concept of modern niche theory, which is, in fact, the family of
these resource-consumer models. Unfortunately, however, though its popularity is increasing
(see for example Pianka 1981; Bazzaz 1986; Schoener 1989), it has not yet been fully
recognized as a separate niche concept.
10.3.2

Hutchinson’s multidimensional niche

To many ecologists, perhaps the most, a niche is Hutchinson’s (1957) multidimensional niche
(N3). This may in fact be regarded as an amalgam of the ’habitat niche’ (N1) and Elton’s
functional niche (N2). It has been described as "an evolved, multidimensional attribute of a
species (..)" (Whittaker et al. 1973, p. 333), "the way a species is adapted, structurally,
physiologically and behaviorally, to its environment" (Odum 1971, p.234). According to
Hutchinson himself, it "will completely define [the species’] ecological properties"
(Hutchinson 1957, p. 388). Hutchinson (1957) included in a species’ (fundamental) niche "all
ecological factors", "all environmental variables, both physical and biological, relative to [the]
species" (p. 388), that is, both abiotic conditions, abiotic and/or biotic resources, and (though
this may not have been his intention) other biotic factors (predators, parasites, competitors,
etcetera). Thus, Hutchinson’s niche concept is very comprehensive: it says just about
everything about the ecology of a species. It is probably for that reason that the concept has
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become so popular. In my view, however, it is inadequate as a niche concept. In order to
show this, I will have to extend a bit on modern niche theory and in particular competition
theory.
In competition theory, which may be regarded as a special application of modern niche
theory (see Glasser and Price 1982, 1988), it is assumed that (exploitation)70 competition
between species is the result of overlap of their potential (fundamental) niches, that is, of the
fact that they make demands on the same set of resources. The theory states that when two
species have identical niches, there are two possible outcomes of competition. The first
possibility is that there will be niche differentiation, which means that the species switch over
to different subsets of the set of resources such that realized niche overlap, and hence the
intensity of competition, decreases. However, if this is impossible, for instance because the
biotope is completely homogeneous or because there is only one resource, the only alternative
is competitive exclusion of one of the species: the species with the lowest minimum
requirement for the resource will be able to reduce it to a level which allows itself to survive
but which is too low for the other species. In either case, the species’ realized niches are
subsets of their potential niches. (This applies also to the excluded species in the second case,
since this species will not have a realized niche in the biotope).
Thus, the idea (which seems paradigmatic, but see Holt 1987) is that competition is the
result of overlapping potential niches or, in other words, that potential niche overlap is a
necessary (though insufficient) condition for competition, and that as a result of competition
the species have realized niches that are subsets of their potential niches. For two reasons,
Hutchinson’s multidimensional niche concept (N3) is incompatible with this theory.
In the first place, it includes not only resources but also environmental conditions relative
to a species (see Tilman 1982, and Abrams 1988b, for the distinction; see also Grubb 1985).
This is incompatible with the view that niche overlap is a necessary condition for
(exploitation) competition. For it allows different species to have overlapping niches without,
however, being competitors, namely when niche overlap pertains only to non-resource
variables, whereas (exploitation) competition occurs for resources.
In the second place, the multidimensional niche concept includes not only environmental
variables that may be considered either resources or conditions relative to a species but also
relations with other species, such as competitors. This is incompatible with the distinction
between potential (or fundamental) niche and realized niche. For the latter is defined as the
subset of the former resulting from interactions with other species. This is impossible if such
interactions are already included in the species’ (potential or fundamental) niche. Put
differently, if relations with other species are already included in a species’ (potential or
fundamental) niche, then they cannot affect it such that a realized niche results (see also
Aarssen 1984). Obviously, Hutchinson was unaware of this incompatibility in his definitions.

70

In ecology two types of competition are being distinguished, namely interference
competition and exploitation competition. The former consists of direct interactions between
species, such as threats, fighting and chasing in animals or, for instance, allelopathy in plants
(the excretion of substances that are toxic to other species). The latter proceeds indirectly
through exploitation of resources. The theory sketched in the main text pertains only to
exploitation competition.
168

The distinction between habitat and niche
10.3.3

Elton’s functional niche

Because the Eltonian ’role’ niche (N2) is defined exclusively in terms of a species’ relations
with other species, it is inadequate for the same reason as is N3. This depends, however, on
what is meant with a species’ role in a community or biocoenosis. Elton meant by the term
’role’ a species’ position in a food chain or web, its relations to food and enemies. There
would be no problem if this ’role’ (niche) concept were restricted to food relations, or, more
generally, to resource relations, but then in the sense of resources being utilized by a species,
not in the sense of the species itself being a resource for other species or of the species
competing for resources with other species. That is, the problem arises as soon as relations
with other species at the same or a higher trophic level, that is, enemies and in particular
competitors, are included. Clearly, if the enemy is a predator, then the species itself may be
said to belong to the predator’s niche, but not the other way around. This applies to any
resource-consumer (prey-predator, host-parasite) system, where the relevant species is the
resource and the enemy its consumer. And if the enemy is a competitor (in the exploitative
sense), then, since competitors are, by definition, species that make demands on the same
resources, the species and its competitor may be said to have overlapping niches, but it
doesn’t make sense to say that the one belongs to the niche of the other. If one allows for the
latter, then any statement about competition as a consequence of overlapping potential niches,
or about realized niches as a consequence of competition, becomes incoherent.
It should be noted, moreover, that a major application of niche theory is to explain
(differences in) the structure of communities (and biocoenoses), such as species’ number and
composition, and relations between species. If niche theory is to have such applications, then
the last thing one should do is to define a species’ niche in terms of its relations to (all) other
species in a community. For this would simply amount to defining niche in terms of
community structure, making explanations of community structure in terms of niches
essentially circular.
10.3.4

The resource niche and its difference from habitat

It follows from the above considerations that the term ’niche’ must be restricted to resource
utilization (N4) if niche theory is to be both internally consistent and compatible with
competition theory. I think I am now also able to explain why, even apart from the ’habitat
niche’, ’the’ niche concept has been and is being confused so often with ’the’ habitat concept.
One should not conclude from the above criticisms that the multidimensional concept (N3)
is useless, only that the term ’niche’ should not be applied to it. The reason why the (this)
niche concept has been confused so often with habitat is that, because of the inclusion of
environmental tolerances, it indeed comes very close to the concept of habitat as defined
above. For the multidimensional niche of a species may be regarded as a set of points in an
abstract multidimensional (’niche’) space, each point corresponding to a combination of values
of biotic and/or abiotic variables - that is, an environment-type! - that would permit the
species to survive and reproduce. In other words, it is the abstract set of all possible
environment-types that meet the species’ ecological requirements and tolerances. Thus,
Hutchinson’s multidimensional concept may be regarded as a more precise (set-theoretical),
though abstract, formulation of the potential habitat of a species (H2: the set of environments
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meeting the species’ ecological requirements and tolerances).
This can be nicely illustrated by Aarssen’s (1984) definitions of (the Hutchinsonian) niche.
Aarssen distinguishes between the potential and the available niche of a species, both of
which are pre-interactive, and its realized or post-interactive niche. The potential niche is "a
theoretical hyperspace of ’places’ where a species could leave descendants defined by all
resource requirements and environmental tolerances [of the species], but without reference
to biotic interactions". The available niche is a "real ’place’ (or set of places) in nature that
is a subset of a species’ potential niche (..). This is roughly equivalent to habitat and
represents the real space where a species could theoretically leave descendants if there were
no biotic interactions with other species". The realized (post-interactive) niche, finally, is a
"real ’place’ in nature where [the] species can leave descendents in spite of continued
interaction with (..) other species" (all quotes from Aarssen 1984, p. 78; emphasis added).
Given the inclusion of environmental tolerances in his definition of potential niche, and
assuming that with ’the set of real places’ Aarssen means ’the set of environments occurring
at certain places’, the available niche of a species is the set of environments meeting the
species’ resource requirements and environmental tolerances, which is indeed equivalent to
its (potential) habitat (H2). Analogously, his (Aarssen’s, but also Hutchinson’s) realized niche
is equivalent to the realized habitat of a species (H1): the set of environments where the
species actually lives (and can leave descendants).
However, if the concept of niche is restricted to resources, the available niche of a species
(that is, its potential niche as defined by N4) is not equivalent to its potential habitat, but to
the restriction of its potential habitat to the set of resources the species is able to utilize.
Similarly, then, the species’ realized niche can be defined as the restriction of its realized
habitat to the set of resources the species actually utilizes.
10.3.5

Partial niches

Thus defined, however, it is necessary to make a distinction between the niche a species
realizes in the absence of other (non-resource) species and the niche it realizes in the presence
of other (non-resource) species. Vandermeer’s (1972) notion of partial niches seem suitable
for this, were it not that Vandermeer too did not restrict the meaning of the term niche to
resource utilization. Given this restriction, however (Glasser and Price 1982, 1988), the term
0-th (zeroth) partial niche can be used for a species’ niche when its population size, and that
of other (non-resource) species, is close to 0, that is, when there are no density effects, neither
from the species itself nor from other (non-resource) species. The term 1-st partial or
intraspecific niche can then be used for a species’ niche when its population size
approximates the carrying capacity of the biotope71 and when there are only intraspecific
density effects. And the term S-th partial or interspecific niche can then be used for a species’
niche in the presence of both intra- and interspecific interactions (where S may be 2, 3, 4, ...
species).
The term realized niche has traditionally been used, by convention, only for the
(interspecific) S-th partial niche of a species. In addition, it has been suggested that the 1-st

71

Usually, one speaks of the carrying capacity of the environment or of the habitat but of
course I must use the term biotope.
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partial niche be referred to as the potential niche of a species, because it is the largest (or
widest) niche a species can occupy in a given biotope (Glasser and Price 1982, 1988). This
(that is, equating 1-st partial niche with potential niche, and S-th partial niche with realized
niche) would have the obvious advantage of reducing the number of relevant niche terms.
Unfortunately, however, it conflicts with the ordinary meaning of the terms ’potential’ and
’realized’ (indicating a possibility or (cap)ability as against an actuality). To apply the term
’realized’ only to the S-th partial niche would suggest that the 1-st partial niche cannot be a
’realized’ niche, whereas obviously, it is ’realized’ (in the ordinary sense of the word) if there
are no interspecific density effects. To apply the term ’potential’ to this ’realized’ niche would
be doubly confusing. Therefore, to avoid such confusion, I suggest that 0-th, 1-st and S-th
partial niches all be viewed as realized niches, though as different forms, of course (the
differences being indicated by the relevant prefixes), and as distinct from the potential niche
(see box 7).

Potential niche: the full set of resources and resource states that meet minimal
requirements for a species. This is equivalent to the restriction of its potential
habitat to the set of resources the species is able to utilize.
Realized niche: the (restriction of its realized habitat to the) set of resources a species
actually utilizes. The terms 0-th, 1-st and S-th partial niche refer to the niche a
species realizes when it experiences, respectively, no intra- and interspecific,
only intraspecific, and both intra- and interspecific density effects.
Box 7: Recommended definitions of the concepts ’potential niche’ and ’realized niche’.
10.3.6

Empty niches

One of the specific controversies resulting from the confusion of various niche concepts
pertains to the question whether there are ’empty’ niches (see, for example, Whittaker et al.
1973; Kroes 1977; Pianka 1983; Giller 1984; Schmitt 1987). The answer to this question is
also important with regard to the question whether there are ’incomplete’ biotopes or
’incomplete’ ecosystems, which in turn is of interest also with respect to nature conservation
issues (Dekker 1990).
Whether it makes sense to talk of empty niches depends of course on the niche concept one
uses. As mentioned, to Grinnell a niche was a ’place’, ’space’ or ’recess’ in a community or
biocoenosis where a species could find food and escape from predators. Thus, though always
coupled to a particular species, Grinnell defined a niche in terms of ’spaces’ in a community,
not in terms of the ’occupants’ of these places (see also Schoener 1989). Therefore, Grinnell’s
niche concept allows a niche to be or not to be occupied by a species, and hence that there
are empty niches.
To Elton, niches were roles played by species in biocoenoses or ecosystems, a major
characteristic being that a particular role (niche) could be played (filled) by several species.
Elton was somewhat ambiguous in that on the one hand he spoke of a niche being filled by
species, while and on the other hand he also saw the occupants themselves as a niche: "Or
we might take as a niche all the carnivores which prey upon small mammals, and distinguish
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them from those which prey upon insect" (Elton 1927, p. 64). Mostly, however, he spoke of
niches (roles) which could be occupied (fulfilled) by different species. The important aspect
of his niche concept is that a niche can be occupied by more than one species. Therefore,
more than any other niche concept, Elton’s concept allows there to be empty niches, awaiting,
so to speak, to be occupied. Elton’s niche concept is a holistic concept. For that reason, it has
become particularly favourite in holistic systems ecology (among others Odum 1963, 1971).
The most extreme variant of this niche concept has been formulated by Kroes (1977) who
talks of ’primary niches’ being formed by the producing, consuming and reducing components
of ecosystems. In this sense, the niche concept becomes equivalent to the concept ’trophic
level’. Incidentally, Elton himself laid the foundations for this niche concept: "the niches
about which we have been speaking are only smaller subdivisions of the old conceptions of
carnivore, herbivore, insectivore, etc." (Elton 1927, p. 64).
Other than Grinnell’s and Elton’s, Hutchinson’s niche concept in the first instance doesn’t
allow us to talk of empty niches. For his multidimensional niche is defined by the specific
ranges of values of environmental variables allowing a species to survive and reproduce. In
that sense, each species has its own unique niche. The crucial difference is that Grinnell’s and
Elton’s niche concepts are systems concepts, whereas Hutchinson’s is a species concept.
Systems concepts allow there to be empty niches, whereas species concepts don’t. As
mentioned, the Hutchinsonian niche may be regarded as a multidimensional attribute of a
species. In that sense, it is logically impossible to speak of empty niches.
Still, Hutchinson’s niche concept is also somewhat ambiguous in that, once the
multidimensional hyperspace forming a species’ fundamental niche has been defined, and
especially when it is projected in the concrete space of a certain biotope (Hutchinson 1957,
p. 388), the possibility arises to disconnect the ’niche-space’ thus established from the initial
fundamental niche of a species. When this is carried through, ’niches’ become ’spaces’ in
biotopes again, and we are back at Grinnell’s place niche or habitat niche. The aforementioned definitions by Aarssen (1984) of the Hutchinsonian niche concept are significant
in this respect, especially his definition of the available niche of a species: "a real ’place’ (or
set of places) in nature (..) [which] is roughly equivalent to habitat" (Aarssen 1984, p. 78).
I have argued not for nothing that Hutchinson’s niche concept can be regarded as a precise
formulation of the potential habitat of a species.72 It is probably for this reason that several
authors have regarded Hutchinson’s niche concept as a systems concept, with the possibility
of empty niches, and not as a species concept (Pianka 1983; Giller 1984; Schmitt 1987).
Unfortunately, Hutchinson himself asked "whether the three Nilghiri [species] fill all the
available niches which in Europe might support perhaps 15 or 20 species, or whether there
are really empty niches" (Hutchinson 1957, p. 396). I suspect that this was more of a slip of
the tongue on the part of Hutchinson, a result of the confusion of different niche concepts to
which he was also subjected, rather than that he saw his own niche concept as a systems
concept.
Even the resource niche has a certain ambiguity in this respect, though this holds only for
the potential niche. For on this concept, too, it is possible, once the set of resources forming
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Notice that it is possible to speak of ’empty’ potential habitats (Hutchinson’s
fundamental niche, projected in the concrete space of a biotope, and Aarssen’s available
niche) but not, of course, of ’empty’ realized habitats.
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the potential niche of a species has been determined, and in particular when this set, or a
subset of it, has been localized in a biotope, to disconnect it from the initial abstract set of
resources defining the potential niche of the species, and to view it as an ’empty niche’ that
can be ’occupied’ also by other species. This does not apply, however, to the (0-th, 1-st or
S-th partial) realized niche of a species. For this is defined as the set of resources a species
actually utilizes. This set can be conceived in two different ways: (1) as the set of resources
of which the species (population, individual) actually consumes specific elements, or (2) as
the specific set of resource elements which the species (population, individual) actually
consumes. In the latter case, every species has, by definition, a unique realized niche, there
can be no overlap of realized niches of different species (populations, individuals), and it is
impossible to speak of empty niches. In this case the competitive exclusion principle, in the
way put by Hutchinson (1957, p. 418), that realized niches do not overlap, would be a
tautology. Fortunately, this is not the realized niche concept employed by modern niche
theory.
In the former case, in which a species consumes specific elements, that is, a subset, of the
set of resources it exploits, there may be other species exploiting the same set of resources
but consuming different subsets. This allows different species to have overlapping realized
niches. If we let R1 and R2 represent the (S=2-th partial) realized niches of two species, S1
and S2, then R1 is the set of resources species S1 exploits and of which it consumes a subset,
say C1, and R2 is the set of resources which species S2 exploits and of which it consumes
a subset C2. Though C1 and C2 can never overlap, R1 and R2 may either 1) be completely
separate; or 2) overlap; or even 3) be identical. This is the realized niche concept employed
in modern niche theory. Since it pertains to specific resource utilization functions of species,
there is no need, on this concept, to postulate the existence of empty niches.
On the other hand, this niche concept in no way precludes the possibility of there being (sets
of) resources in a biotope which are not (yet) being exploited or utilized by species. That is,
it in no way precludes the possibility of there being ’unsaturated’ biotopes.73
10.4

Habitat differentiation and niche differentiation

In this final section I will draw some conclusions pertaining to the ’principles’ of habitat
differentiation and niche differentiation, and the difference between them. Considering the
enormous discrepancies in the use of the terms ’habitat’ and ’niche’, these conclusions will
be remarkably close to what is commonly held about these ’principles’. I take this to be
strong support for the definitions of the terms ’habitat’ and ’niche’ recommended here.
10.4.1

Spatial and ’functional’ differentiation

73

I wouldn’t want to say the same thing about ’incomplete’ ecosystems. I am not a
favorite of the use of the terms ’complete’ and ’incomplete’ in this connection, not because
there couldn’t be ’unsaturated’ ecosystems (why couldn’t there be?), but because the terms
’complete’ and ’incomplete’ riek too much of essentialistic conceptions of ecosystems. How
are we to tell when a system is complete? This is possible only if one has a preconceived idea
of what the structure (’nature’) of an ecosystem should be like rather than what it is. Should
all ecosystems be alike, moreover, or, if not, how many types of systems should there be?
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Niche differentiation is generally considered to be the coming into being, in ecological time,
of differences in resource utilization patterns between two or more competing species (that
is, species having overlapping potential niches), such that in the presence of one another, each
species utilizes only a subset of the set of resources which it would utilize if the other were
absent. Accordingly, niche differentiation may be defined as reduction of niche overlap such
that S-th partial niche overlap is less than 1-st partial niche overlap.74,75
At the end of section 10.2.4 I defined habitat differentiation as reduction of habitat overlap
such that realized habitat overlap is less than potential habitat overlap. Clearly, however, in
dealing with this concept, we will have to make a distinction analogous to the one between
1-st and S-th partial niche, that is, between the 1-st partial (intraspecific) and the S-th partial
(interspecific) realized habitat of a species. In other words, habitat differentiation may be
more accurately defined as reduction of habitat overlap such that S-th partial habitat overlap
is less than 1-st partial habitat overlap.
The major difference between habitat differentiation and niche differentiation is, of course,
that the former pertains to spatial separation of species, whereas the latter pertains to so-called
’functional’ differentiation, or, better, to diverging patterns of resource use within the same
unit of space (that is, within a biotope or within the area of S-th realized habitat overlap).76
That is, habitat differentiation, if complete, results in non-coexistence, whereas niche
differentiation is considered a mechanism of coexistence. We can be a bit more specific,
however.
10.4.2

Competition, coexistence, and displacement

When comparing the 1-st partial (intraspecific, realized) habitats and niches of two species,
S1 and S2, there are three possibilities: S1 and S2 have either (i) separate 1-st partial habitats
and separate 1-st partial niches (that is, when experiencing only intraspecific density effects,
the species occur in separate sets of environments and they utilize separate sets of resources);
or (ii) overlapping 1-st partial habitats and separate 1-st partial niches (they share the same
set of environments but utilize different sets of resources); or (iii) overlapping 1-st partial
habitats and overlapping 1-st partial niches.77 Of course, habitat differentiation presupposes
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The relevant parameter to measure niche overlap is niche breadth. See Petraitis (1979)
for measures of niche breadth and overlap. See also chapter 11.
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Notice that, because niche differentiation pertains to niche overlap, it pertains, by
definition, to a relation between (exploitation) competitors. It may be influenced, though, by
other factors.
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I am not a favourite of the term ’functional’ differentiation, because it rieks too much
of the functional niche concept and probably also has its origin in that concept. Although
niche differentiation is ’functional’ for species in the sense that it allows them to coexist, it
has nothing to do with ’functions’ of species in ecosystems.
77

It is impossible for different species to have separate 1-st partial habitats but overlapping
1-st partial niches. For the niche of a species is the restriction of its habitat to resources.
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1-st partial habitat overlap, and niche differentiation presupposes 1-st partial niche overlap.
It is only when species have overlapping 1-st partial niches (case iii) that (exploitation)
competition between them may occur. If so, there are again three possibilities: S1 and S2
have either (1) overlapping S-th partial habitats and overlapping S-th partial niches (that is,
they occur in partly the same set of environments and they utilize partly the same set of
resources); or (2) overlapping S-th partial habitats and separate S-th partial niches (they occur
in partly the same set of environments but utilize different sets of resources); or (3) separate
S-th partial habitats and separate S-th partial niches.
In case 1, there are two sub-possibilities: S-th partial niche overlap is either (1a) identical
to or (1b) a proper subset of 1-st partial niche overlap. In case 1a, either niche overlap is
sufficiently small to allow for coexistence78 or there must be some mechanism of coexistence
other than niche differentiation (for example regulation by another factor than contested
resource availability, such as abiotic conditions or a predator, parasite or pathogen). Case 1b
may result from niche differentiation, but then the differentiation is incomplete. This may in
fact be more likely to occur than case 2, where niche differentiation is complete.
In case 3, there are also two sub-possibilities: S1 and S2 occur either (3a) in the same
biotope (requiring that the biotope be heterogeneous) or (3b) in different biotopes. Case 3a
may result from niche differentiation, concurring, however, with habitat differentiation. Case
3b may obtain when there are no opportunities for niche differentiation (for instance, because
the biotope is completely homogeneous), and when, as a result, one species is competitively
displaced by the other. Because in this case S1 and S2’s having separate S-th partial niches
is a consequence of their having separate S-th partial habitats, this is a case of habitat
differentiation, not niche differentiation. (Notice, moreover, that this case results from
competitive displacement, whereas niche differentiation is a mechanism of coexistence.)
Three final comments seem to be in order.
Firstly, it depends of course on our definition of coexistence in which of the above cases
S1 and S2 may be said to coexist. To coexist may be loosely defined as to occur together in
space and time. If we take this to mean that species must occur simultaneously in the same
biotope, case 3a would be a case of coexistence. It seems more adequate, however, to apply
the term coexistence only to species having overlapping S-th partial habitats, and to hold,
more specifically, that it is only within the area of S-th partial habitat overlap that species can
be said to coexist.79 Cases 1a, 1b and 2 pertain to coexistence, then, and cases 3a and 3b to
non-coexistence (case 3a has also been referred to as spurious cohabitation (Harper et al.

When a species has no realized habitat in a particular area, it cannot have a realized niche in
that area either. When the realized habitats of different species do not overlap, they can have
no overlapping realized niches either. It is possible, however, for different species to have
separate realized habitats yet overlapping potential niches.
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This possibility has lead to the question how different species must be to be able to
coexist, or, conversely, how similar they must be not to be able to coexist. This question is
known as the problem of limiting similarity (see McArthur and Levins 1967; May 1973,
1981; Abrams 1976, 1983).
79

Compare this to the definition of a community in the former chapter.
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1961) or non-coexistence equilibrium (Braakhekke 1980)).
Secondly, as suggested by the above cases, competition may (but need not) lead to both
habitat differentiation and niche differentiation. However, differences in realized habitats or
niches may result as well from other processes than competition (for example habitat
selection, isolation or predation). Therefore, as noted by Glasser and Price (1982),
observations of such differences alone do not permit evaluation of the importance of possible
causal mechanisms, and hypotheses about these mechanisms must be tested independently of
the observations. Ignorance of this simple methodological rule may not only give rise to a lot
of (inconclusive) controversy (see chapter 13) but also block the road to real progress in our
understanding of these mechanisms.
Thirdly and finally, niche differentiation may be a sufficient condition for coexistence, but
it is not necessary. For "coexisting species can use the same limiting resources [that is, have
identical S-th partial niches, RL] by having different per capita effects (..) on any one from
j = 1 to T [resources]". This "will occur whenever [their] per capita resource requirements (..)
or efficiencies of resource use (..) differ" (Glasser and Price 1982, p. 456; see the next
chapter). As noted by Glasser and Price (1982), such differences seem likely, suggesting that
the coexistence of competitors may be much more probable than was once imagined. This is
particularly relevant to plant species, of course, since all plants require essentially the same
resources, whence opportunities for niche differentiation are limited (see also the next
chapter).
10.5

Conclusions

The purpose of this chapter was to clarify the various concepts of habitat and niche in
ecology and to suggest a clear assignment of terms. I have done so by sorting out definitions
of these concepts which are separately unambiguous and jointly coherent and consistent. This
allowed me to discuss the concepts (’principles’) of habitat differentiation and niche
differentiation in a way that is strikingly similar (given the ambiguity of the terms ’habitat’
and ’niche’) to the ecological literature on these concepts. I consider this to be strong support
for the definitions as recommended here.
I do not have the pretension that by these definitions the problem of ambiguity of the terms
’habitat’ and ’niche’ will also be solved in practice and on short notice. The various concepts
to which these terms refer have probably struck root too deeply. I’m afraid this applies in
particular to the community concept of habitat (H3). I have shown, however, that the problem
can be solved theoretically, and I can only hope that the conceptual clarifications provided
here will be beneficial to the further development and maturation of habitat and niche theory.
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Holism and reductionism are usually seen as opposite and mutually exclusive approaches to
nature. Recently, some have come to see them as complementary rather than mutually
exclusive. In this book I have argued that, even stronger, they should be seen as mutually
dependent and co-operating research programmes. I have discussed holism and reductionism
in biology in general (part 1) and in ecology in particular (part 2).
After an introductory chapter (1) I have provided an overview of holistic and reductionistic
positions in biology, and of the reduction problems to which they relate (chapter 2). I have
argued that it is extremely important to distinguish between ontological, epistemological and
methodological aspects of these problems. The overview has shown that there are actually
several approaches to reduction problems in biology, which can be characterized as more or
less radically or moderately holistic or reductionistic. It has shown also that there are three
major ’contradistinctions’ between holism and reductionism in biology, to wit (1) the doctrine
of emergence versus the reduction thesis; (2) functional explanations versus causal
explanations; and (3) phenomenology versus mechanicism (and, coupled to 2 and 3, synthesis
versus analysis). In later chapters I have shown that these ’contradistinctions’ are not really
contradistinctions at all.
In the next chapters I have discussed the terms ’reduce’ and ’reduction’ in science. In
chapter 3 I have discussed the reduction of laws and theories. I have shown that there are
many different types of reduction depending on the auxiliary hypotheses that are being used
in addition to the reducing theory: approximation-, aggregation, correlation and/or
identification-hypotheses. The distinctions between these types has later, in chapter 5, proved
to be of great importance in (re)defining the concept of ’emergence’. The major conclusion
of chapter 3 was that reduction is an epistemological issue, pertaining to logical relations
between statements or systems of statements (theories). It should not be confused, therefore,
with ’ontological reduction’, certainly not in one of its ordinary senses, such as diminishing,
devaluating or the like. Scientific reductions are, with the exception of instrumentalistic
reductions, kinds of explanation, and, moreover, non-eliminative kinds of explanation. This
means that a reduced law or theory is not eliminated by the reducing theory but rather
consolidated or even reinforced. The ontology of the reduced law or theory (the objects,
attributes, phenomena or events to which it refers) is thereby also being consolidated.
In chapter 4 I have argued that the same holds for reductions of concepts. Concept
reductions are supposed to be accomplished by means of so-called ontological identity
relations, which are in turn supposed to connect terms in the law or theory to be reduced,
which do not occur in the reducing theory, with theoretical terms of the reducing theory.
Because they are called ontological identity relations, several philosophers have thought that
concept reductions imply some form of ontological reduction. And because they often occur
in the context of micro-reductions, some have even thought that concept reductions are
themselves micro-reductions. As a result, the idea has arisen that ontological identity relations
are connections between macro-concepts (at the level of the whole) and micro-concepts (at
the level of the parts). However, concept reductions by means of ontological identity relations
cannot be micro-reductions, because micro-reduction is, by definition, reduction with an
aggregation step. Moreover, ontological identity relations are relations between different
representations (concepts) of and the same type of thing or attribute. That is, they express
different epistemological sides of the same ontological coin. Therefore, concept reductions
cannot be considered ontological reductions either, certainly not (once more) in the ordinary
sense of diminishing, devaluating or the like. Thus, concept reduction is, like law or theory
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reduction, an epistemological issue: it pertains to relations between, in this case, different
concepts or representations of one and the same type of thing or attribute. ’Ontological
reduction’, then, may, in the context of scientific reductions, actually be considered a
contradiction of terms.
In chapter 5 I have linked this conclusion to the emergence thesis and to the alleged
contradistinction between this thesis and the reduction thesis. I have shown that the doctrine
of emergence actually consists of two separate claims, namely (1) an ontological thesis stating
that a whole has emergent properties which the component parts do not possess, neither
separately nor in other partial combinations; and (2) an epistemological thesis stating that
emergent properties of wholes are ’in principle’ irreducible. I have argued that the first claim
may be regarded as a valid, universal thesis about relations between properties of wholes and
properties of parts, but that the second claim is untenable. I have discussed many emergent
properties (in the sense of thesis 1) of wholes, biological as well as physico-chemical, that
have proved to be explainable in terms of micro-theories about the component parts and
auxiliary hypotheses. Once again, however, it is important to realize that reduction is an
epistemological issue, whereas emergence, in the sense of thesis (1), is an ontological one.
It is not ’wholes’ or ’emergent properties of wholes’ that are being reduced but statements
about them. Reduction is a kind of explanation, not of explaining-away. Thus, it leaves the
ontology of whatever is reduced fully intact. I have developed a new definition of the term
’emergence’ which expresses emergence in terms of the auxiliary hypotheses that may be
used in reductions, in particular aggregation-, correlation- and identification-hypotheses. This
has even lead to two very remarkable conclusions. First, emergence may be considered the
opposite of ontological identity. And second, if there were no emergence, there wouldn’t be
any (micro-) reductions either. (If there were only ontological identities in this world, there
would be no different types of things and hence nothing for scientists (who would not exist)
to reduce.) In this respect, therefore, there is absolutely no contradistinction between holism
and reductionism. On these grounds (among others) I have introduced my thesis that holism
and reductionism should rather be seen as mutually dependent, and hence co-operating,
research programmes than as conflicting views of nature or of relations between sciences.
Holistic programmes play an important role in science as guide programmes for reductionistic
programmes by discovering or developing macro-laws or -theories about (emergent)
phenomena at the level of wholes, which they themselves, however, cannot explain. For these
explanations they depend on the fruits of reductionistic programmes. If the latter succeed in
providing the explanations (reducing the macro-laws or -theories) they act as supply
programmes for the holistic guide programmes. Reductionistic programmes depend in turn
on holistic programmes for providing the macro-laws or -theories that call for these (deeper)
explanations.
In chapter 6 I have discussed an example of this mutual dependency in the form of the
reduction of the Bohr-effect in animal physiology. I have shown that this law has been
reduced to the theory of allostery, applied to hemoglobin molecules in red blood cells, and
that this application of the theory of allostery has been reduced to the theory of chemical
bonding. I have also shown that at least six research programmes were involved in these
reductions, and that the relations between these programmes can be characterized very well
in terms of the model of holistic guide programmes and reductionistic supply programmes.
The only, but highly significant, qualification appearing from example was that the terms
’holistic’ and ’reductionistic’ are extremely relative and should always be related to a certain
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given level of organization.
In chapter 7 I have resolved the remaining contradistinction between holism and
reductionism in biology, viz. the need for functional explanations (coupled to holism in the
form of organicism) and the (’reductionistic’) demand that explanations be causal. I have
shown that functional explanations are perfectly legitimate explanations which in a sense can
be reconstrued as causal explanations. I have argued that functional explanations are
indispensable components of more comprehensive, causal-evolutionary explanations, because
the latter appeal to the adaptive value, and hence the function, of the property to be explained.
In that sense functions can be regarded as adaptations, and functional explanations can be
regarded as a sort of ’short-hand’ for (causal) evolutionary explanations. Finally, I have
shown that in the context of functional explanations, too, co-operation of holistic and
reductionistic research programmes occurs.
In part 2 I have applied my thesis to ecology. I have shown that in ecology too, holismreductionism disputes notwithstanding, co-operation of holistic and reductionistic research
programmes occurs (chapters 11 and 12), or, in so far as this appears to be not the case, that
it should be strived after (chapter 13).
In chapter 8 I have given an overview of reduction problems in ecology and of the various
approaches to these problems. I have noticed that in ecology, too, there are several, radical,
moderate and anti-reductionistic research strategies, with respect to the levels of both
ecosystems, communities and populations. I have also noticed, however, that concrete
solutions to reduction problems in ecology (in the sense of my thesis) are frustrated by what
is called the intellectual immaturity or the anomalous status of ecology. This refers to the
almost complete lack of general laws and theories in ecology, at least at the higher levels of
communities and ecosystems. Of a number of possible causes I have lifted out two, which
lend themselves to philosophical (conceptual) analysis and clarification. The first one is the
ambiguity of a major part of the ecological vocabulary. This was the subject of chapters 9 and
10. The second is the inhibitory effect which holism-reductionism disputes (may) have on the
growth of knowledge (such as theory development and maturation). This was the subject of
chapter 13.
In chapter 9 I have discussed the concept of an (ecological) community. It appeared that the
term ’community’ is used for several different entities at various levels of organization. This
ambiguity alone seems to be sufficient for the lack of ’general’ laws and theories about
’communities’. My purpose in chapter 9 was to try and contribute to a solution of this
problem. In doing so I have argued, first, that it seems wise to use the term ’community’ only
for groups of species belonging to a single taxonomic or phylogenetic group (in the sense of
plant communities, bird communities, etcetera), and to use the term ’biocoenosis’ (as before)
for the higher level of organization, defined as the biotic component of an ecosystem. Next
I have argued that, although species within communities may of course interact with each
other, interaction is itself not a necessary or sufficient condition for community membership.
Finally, I have hit upon what is known as the most notorious problem in community ecology,
to wit the boundary problem, as well as the problem of heterogeneity. I have found that the
cause of these problems lies in the fact that communities are almost invariably being seen
(defined) as groups of populations occurring together in space and time, whereas the empirical
fact is rather that populations of different species mostly do not occur together in the same
space, and, moreover, that the species composition of communities changes continuously. This
has lead to the suggestion that a community had better be defined as the group of individuals
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of two or more species occurring in the area of intersection of populations of these species.
It is only in such intersection areas that one can really talk of the co-occurrence (coexistence)
of (individuals of different) species. I have shown the empirical adequacy of this definition
by discussing various salt marsh plant communities on the Dutch island of Schiermonnikoog.
In chapter 10 I have clarified two other important, yet highly controversial, concepts in
ecology, to wit habitat and niche. It appeared that there are at least four different habitat
concepts in ecology, and as many niche concepts, the additional complication being that two
of these habitat concepts correspond to two of these niche concepts, whence the distinction
between habitat and niche is blurred. In addition, different habitat concepts (and hence niche
concepts) appeared to correspond to different environment concepts and also to different
biotope concepts. My purpose in chapter 10 was to disentangle all these concepts from one
another and to supply each of them with a suitable term. I have done so by keeping a close
eye on commonly accepted notions about habitat differentiation and niche differentiation, two
’principles’ allowing one to explain the coexistence or non-coexistence of species in
communities. The results can be found in boxes 5 and 7 in chapter 10.
In chapter 11 I was finally able to substantiate my claim that in ecology, too, co-operation
of holistic and reductionistic research programmes occurs. I have discussed the reduction of
the classical competition model of Lotka and Volterra to modern niche theory (employing,
of course, one of the niche concepts discussed in chapter 10). The Lotka/Volterra model is
a phenomenological (holistic) model: it describes the possible effects of competition between
two species. Modern niche theory, on the other hand, is a mechanistic theory (set of models),
in which both the objects of competition (resources) and a mechanism (exploitation of
resources by two or more species) are being specified. I have shown that the reduction was
established with the help of a relatively simple identification hypothesis and two relatively
simple aggregation hypotheses, making it yet another example of heterogeneous microreduction in biology. In the reduction, the Lotka/Volterra model acted as a holistic guide
programme and modern niche theory acted as a reductionistic (reductive) supply programme.
In chapter 12 I have discussed another example of co-operation in the form of the
approximative reduction of MacArthur and Wilson’s equilibrium theory of island
biogeography. I have argued that this can be seen as a holistic model, which has been of great
unifying and especially heuristic value, but which in time has been found to be a bit too
simple and in some respects had to be corrected. Therefore, it can also be seen as an
idealization in the sense of the model of idealization and concretization (discussed in chapter
3), which subsequent research programmes have concretized (that is, corrected). Because these
concretizations have a reductive (be it approximative) character, we can see in this structure
of idealization and concretization yet another example of the co-operation of holistic and
reductionistic research programmes in ecology. A philosophically interesting side-conclusion
was that the model of idealization and concretization thus appears to apply also to relations
between research programmes, and not only to programme-internal developments.
In chapter 13 I have discussed an example of the inhibitory effect that holism-reductionism
disputes may have on the growth of knowledge. The example concerns a controversy in island
biogeography (between two of the programmes involved in concretizations of the
MacArthur/Wilson model) over the role of interspecific competition in structuring (island)
communities. This controversy has lasted for about ten years, appeares to have died out rather
than to have been resolved, and has produced nothing new in the field of explanations of
community structure. I have shown that the major factors underlying the controversy were
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differing, in casu (radical) holistic and reductionistic, views of communities. Though this
presented a problem for my thesis, I have argued that, ultimately, the controversy can be
resolved, and in a sense has been resolved, in a way that corroborates my thesis.
In the epilogue, finally, I have mentioned some remaining problems concerning the
adequacy of the present reduction model in dealing with reduction in ecology. These problems
pertain to (1) the question of specificty of ecological laws and theories, (2) the likelihood that
reductions in ecology generally occur on the basis of several reducing micro-theories, and (3)
the possible relationship between the former two points.
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CHAPTER 11
THE REDUCTION OF THE LOTKA/VOLTERRA COMPETITION MODEL TO
MODERN NICHE THEORY
11.1

Introduction

After the preparatory work of the former chapters I am now able to substantiate my claim that
in ecology, too, holism-reductionism disputes notwithstanding, holistic and reductionistic
research programmes co-operate and are mutually dependent. I will do so by discussing a
concrete example of reduction in ecology, viz. the reduction of the Lotka/Volterra competition
model (Lotka 1925; Volterra 1926) to modern niche theory (Tilman 1980, 1982; Glasser &
Price 1982).
The Lotka/Volterra model is a phenomenological (holistic) model. It describes the possible
effects of competition between two species (in terms of coexistence or competitive exclusion).
Modern niche theory is a mechanistic model, or rather a family of models (among others
Levins 1966, 1968; MacArthur & Levins 1967; MacArthur 1968; Pianka 1969, 1974, 1983;
Roughgarden 1972, 1976, 1986, May 1974; Schoener 1974, 1976, 1977, 1986, 1989; Leon
& Tumpson 1975; Tilman 1980, 1982, 1985, 1988, 1990; Glasser & Price 1982, 1988;
Berendse 1985; Abrams 1986, 1987a,b, 1988; Huisman 1994; Huisman & Weissing 1994;
Weissing & Huisman 1994), which provides a mechanism of competition in the way of
exploitation of resources by two or more species. These models also go under the name of
resource-consumer models and one particularly attractive feature of them is that they can be
applied to both ’predator-prey’ (including plant-nutrient and herbivore-plant) interactions and
competitive interactions (both between ’prey’ species and between ’predator’ species).
Moreover, through these various types of interaction they can be used to explain the structure
and dynamics of both ’prey’ communities and ’predator’ communities as well as the structure
and dynamics of ecosystems. Thus the theory seems to have great potential for becoming the
first general and unifying theory in ecology.
I will first discuss the logistic model of population growth on which the Lotka/Volterra
competition model is based, then the Lotka/Volterra model itself, and next the reduction of
this model to one particular model of modern niche theory (Glasser & Price 1982). I will
point to the interesting fact that, in spite of the one being reduced to the other (or rather
because the one reduces the other), both models may be seen as idealizations (in the sense
of the model of idealization and concretization discussed in chapter 3). After that, I will
discuss some extensions and applications of modern niche theory (where auxiliary hypotheses
or theories are being used) which in turn may be regarded as concretizations of the theory.
In doing so, I will also provide some further clarification of conceptual issues in the field of
modern niche theory, particularly those relating to the principle of coexistence through niche
differentiation. And finally I will shortly discuss another model of the theory (Tilman 1980,
1982), which also reduces the Lotka/Volterra competition model but, contrary to what some
believe, provides another mechanism of coexistence than niche differentiation.
11.2
11.2.1

Intra- and interspecific competition
The logistic model of population growth: intraspecific competition

The Lotka/Volterra competition model is based on the logistic model of population growth.
This model, which describes a sigmoidal growth-curve for populations, was first coined by
Verhulst (1838) to describe the growth of human populations and later was derived
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independently by Pearl and Reed (1920) for the growth of populations in the United States.
The model is based on some very simple assumptions about population growth and basically
supplements a term describing geometrical growth with a term incorporating the effects of
intraspecific competition. There are several ways of arriving at the model. The sources I have
used in the following are Pielou (1978), Begon et al. (1996) and Krebs (1994).
The simplest model of population growth is based on the assumption that the growth of a
population is determined by two processes: the birth and the death of individuals.80 If l
stands for the per caput (mean or average) birth rate (that is, the mean number of births per
individual per unit of time) and m for the per caput death rate, than the change in the size of
a population (the number of individuals N) in time, dN/dt, is given by
(2)

The term between brackets, l - m, is also noted as r, the per caput growth rate of a
population: dN/dt.1/N = r. (When there is no competition, r is defined as the intrinsic growth
rate of a population.) Thus we may also write
(3)

When r is greater than zero, population growth is geometric and a population may grow
indefinitely. For natural populations this assumption is not very realistic, however, since the
growth of natural populations is generally limited by all sorts of factors affecting either birth
or death rate or both: most natural resources come in limited supplies, whence at a certain
moment competition between individuals may occur; there may be other species utilizing the
same resources such that population growth may also be limited by interspecific competition;
individuals may become a victim of fierce climatic or weather conditions (strong winters); and
individuals may fall a prey to all sorts of predators, parasites or diseases. All such factors may
result in there being at some moment more deaths than births such that population growth
decreases or becomes negative (that is, r = (l - m) becomes negative).
The simplest additional assumption that can be made is that all sorts of external factors to
a population (weather, climate, predators, parasites, interspecific competitors) play no role and
that population growth is limited only by intraspecific competition. This may occur through
either interference among individuals or exploitation of resources, but the logistic model itself
doesn’t specify any mechanism. Suppose, however, that there is only one type of resource,
R, and that R is produced at a constant rate y. Suppose further that every individual of the
population consumes units of X with a constant rate c. Then the total consumption rate of the
population equals cN. As long as cN is smaller than y, there will be sufficient units of R to

80

The model described here is suited for populations with continuous reproduction. These
can best be described by differential equations, in contrast to populations with discrete
breeding seasons which are better described by difference equations. There are no
fundamental differences between the two types of models, however, and they can be reduced
to one another by integration and differentiation, respectively.
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allow the population to grow. However, there will come a time when cN becomes equal to
or exceeds y. Intraspecific competition will then become ever more intense as an increasing
number of individuals make demands on a decreasing supply of resources. The per caput
death rate (m) will increase with equal or decreasing birth rate (l). Thus the population growth
rate will decrease, may become 0 when m equals l, or even become negative. In time, because
of decreased consumption, the resource supply may grow again, allowing the population to
recover and this may go on in an endless cycle of growth and decay.
Over long periods of time, then, a population may oscillate around a point where cN equals
y and where l equals m. At this point, r and hence dN/dt is 0, and the population is in
equilibrium in the sense that at densities below this point l will be greater than m and
population size will increase, while at higher densities l will be smaller than m and population
size will decrease.
The populations size at equilibrium is called the carrying capacity, K, as it represents the
maximum number of individuals than can be ’carried’ (sustained) by the resources of the
biotope (or of the (realized) habitat of the population).
Thus, equation (2) may provide an adequate description of a population’s growth rate when
N is close to 0, but it becomes ever more inadequate the more N approaches K. Therefore,
a term must be added to the right-hand side of the equation to account for the effects of
intraspecific competition. What we want is a term that goes to 1 when N goes to 0 (such that
equation (2) is obtained again) and that goes to 0 as N approaches K (such that population
growth decreases asymptotically to a certain upper value where dN/dt = 0). The simplest term
satisfying these conditions is (K - N)/K, whence
(4)

This is the logistic model of population growth. It is easy to check that equation (2) still holds
when N goes to 0 (because (K - N)/K then goes to 1) but that dN/dt goes to 0 as N approaches
K. Thus the logistic model describes the sigmoidal growth of a population: after an initial
period of geometric growth, the growth rate decreases asymptotically to 0 as N approaches
K.
11.2.2

Limitations of the logistic model

The attractive feature of the logistic model is its simplicity but this is at the same time its
limitation. Several objections have been raised against the model, of which I will mention the
most important ones.
The main objection is that although the model may provide an adequate description of
laboratory populations, which are allowed to grow under strict conditions, natural populations
rarely if ever reach a constant equilibrium density (K) but rather constantly fluctuate in
density. The reason for this is of course that natural populations are exposed to many other
factors than are assumed in the model. The model should be seen, therefore, as a first
approximation (or idealization), where it is assumed that all sorts of external factors are
unimportant. One may compare this with the Hardy/Weinberg model in population genetics,
which is also a first approximation (idealization) assuming that such factors as migration,
mutation and selection play no role (see for example Hartl 1980).
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Another objection is that the model assumes a linear relationship between the growth rate
of a population and its density. This assumption is probably not very realistic and violated
by most populations, but it has not been the subject of much research (see Krebs 1994). This
is related to another problem, namely that the assumed density dependent ’regulation’ of
populations may be produced also by other, density independent (external) factors. This
problem lies at the heart of the afore-mentioned (chapter 8) controversy about population
regulation between among others the (density dependent) biotic school (Nicholson & Bailey
1935; Nicholson 1954; Lack 1954) and the (density independent) climate school (Andrewartha
& Birch 1954, 1984).
A third objection is that the model doesn’t account for time lags in the working of density
on growth rate. In insects, for example, it may take several weeks or months before larvae
develop into mature individuals. The logistic model may be adequate in this respect for
organisms with a simple life cycle (and a stable age structure, another objection raised against
the model) but has to be modified for organisms with more complex life cycles. This has led
to so-called time lag models (see, among others, Wangersky & Cunningham 1956; May 1976;
Pielou 1977). These models show that such lags may lead to considerable fluctuations in the
density of populations instead of stable equilibrium densities.
A final objection is that the logistic model is a deterministic model which takes no account
of chance processes. By contrast, stochastic models show that populations having the same
initial density and per caput birth and death rates may grow at quite different rates as a result
of chance fluctuations in the number of births and deaths in time. Such fluctuations may even
result in populations becoming extinct, especially when they are small (MacArthur & Wilson
1967).
11.2.3

The Lotka/Volterra model: interspecific competition

The Lotka/Volterra model is an extension of the logistic model with a term incorporating the
effects of interspecific competition. To represent this we need to index the relevant parameters
for different species. Let Ni therefore denote the population size of species Si, Nk the
population size of species Sk, and let their respective carrying capacities and intrinsic growth
rates be denoted by Ki, Kk, ri and rk. In order to represent the interspecific competitive effects
of the one species on the other we need to convert individuals of the one species into
equivalents of individuals of the other species.
Suppose, for example, that 2 individuals of species Sk have on average the same inhibitory
effect on the growth of species Si as has 1 individual of Si itself (for instance because 2
individuals of Sk consume on average as many resource units as does 1 individual of Si). The
total (intra- and interspecific) competitive effect on the growth of Si is then equal to the effect
of (Ni + Nk/2) individuals of Si. The conversion factor (a constant; in this case ½) is called
the competition coefficient and is denoted by αik. This measures the average competitive
effect of Sk on the growth of Si. When αik = 1, 1 individual of Sk has the same competitive
effect on the growth of Si as has 1 individual of Si itself, and when αik is larger or smaller
than 1, 1 individual of Sk has, respectively, a larger or smaller competitive effect on the
growth of Si than has 1 individual of Si itself.
Thus when Nk is multiplied by αik it is converted into a number of equivalents of Si. The
Lotka/Volterra model is obtained by substituting the term Ni in the term (Ki - Ni)/Ki of the
logistic model by a term representing ’Ni plus Ni-equivalents’:
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or
(4a)
In the same way αki measures the average competitive effect of Si on the growth of Sk, and
multiplying Ni by αki converts it into the number of equivalents of Sk:
(4b)
Equations (4a) en (4b) together form the Lotka/Volterra model.
11.2.4

Predictions of the Lotka/Volterra model

If all possible densities of Si are plotted against the density of Sk (varying from 0 to Nk), a
line can be drawn through the points where the population of Si is in equilibrium (that is,
where its growth rate is zero) at each density of Sk (figure 8a). The line connecting these
points is called the zero isocline of Si. Below and to the left of this line, Si increases, and
above and to the right of this line, it decreases. At each point on the line, by definition, dNi/dt
= 0, and from equation (4a) we can derive that in these cases

This is true when either ri = 0, or Ni = 0, or Ki - Ni - αikNk = 0. The latter can also be written
as

When Ni = 0, Nk = Ki/αik, and when Nk = 0, Ni = Ki.
Doing the same for the zero isocline of Sk (figure 8b) we obtain that when Nk = 0, Ni =
Kk/αki, and when Ni = 0, Nk = Kk. In this way we have obtained two sets of two points, Ki
and Ki/αik, and Kk and Kk/αki, giving the zero isoclines of Si and Sk, respectively.
There are four possible ways in which these isoclines may be positioned relative to each other
and the outcome of competition is different in each case (figure 9). These cases are given by:
1)
2)
3)
4)
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In case 1 the first inequality indicates that the inhibitory intraspecific effect which Si has on
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Figure 8: The zero isoclines generated by the Lotka-Volterra competition model for species
Si (a) and species Sk (b) (after Begon et al. 1986). See main text for explanation.
itself is larger than the interspecific effect exerted by Sk on Si. However, the second inequality
indicates that the interspecific effect of Si on Sk is larger than the intraspecific effect of Sk
on itself. This means that Si is a strong interspecific competitor while Sk is a weak
interspecific competitor. The result is that Si will competitively displace (exclude) Sk and that
Si will be able to reach its own carrying capacity (Ki).
In case 2 the situation is reversed: Sk is the stronger interspecific competitor; it will drive
Si to local extinction and itself reach its carrying capacity.
In case 3 both species have stronger interspecific effects on each other than they have
intraspecific effects on themselves. The outcome of competition in this case is either an
unstable equilibrium at intermediate densities of both species (between 0 and their K’s) or
competitive exclusion of one of the species. Which species will be excluded depends on the
initial conditions: the species with the larger initial population will drive the other to local
extinction.
In case 4, finally, both species have smaller interspecific effects on each other than they
have intraspecific effects on themselves. The outcome of competition in this case is a stable
equilibrium combination, that is, coexistence, of both species at intermediate densities. It has
been suggested that this case is possible only if each species utilizes a resource not shared
with its interspecific competitor or if a shared resource is in some way heterogeneously
distributed in the biotope such that it can be divided among both species. That is to say, this
case would be possible only if in some way niche differentiation could occur. I will return
to this later (11.3.2).
Thus the Lotka/Volterra model predicts either competitive exclusion (of the weaker
interspecific competitor or the initially disadvantaged species) or stable coexistence of the two
competing species.
Since the model is based on the logistic model of population growth its shares the advantage
of this model (its simplicity) but also its disadvantages (see 11.2.2). Still, it has been of
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Figure 9: The four outcomes of competition generated by the Lotka-Volterra model. The solid
circles indicate stable equilibrium points, the open circle an unstable equilibrium point (after
Begon et al. 1986).
enormous value for the growth of ecological knowledge. It has generated an enormous amount
of empirical and theoretical research and I think it won’t go too far to say that it has
established a whole new research tradition or research programme (eventually also leading
to modern niche theory). The attention has been directed thereby at both the tenability of its
theoretical principles and assumptions and the empirical testing of its predictions (through
both laboratory and field experiments). The general conclusion appearing from this is that the
predictions of the model seem to correspond to biologically realistic situations but that some
of its assumptions are a bit too simple (see for example Begon et al. 1996; Krebs 1994). Most
of the objections raised against the model are the same as those raised against the logistic
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model. Both models may be seen, therefore, as first approximations or idealizations in the
sense of the model of idealization and concretization mentioned in chapter 3. I will return to
this in the next section.
11.3
11.3.1

Modern niche theory: predation and competition
Reduction of the Lotka/Volterra model

The main ’problem’ with the Lotka/Volterra model is that it is a phenomenological model.
That is to say, it indicates that species may influence one another but not how. Thus the
model raises the question for a deeper explanation of its assumptions and predictions. This
explanation is provided by modern niche theory, which thereby reduces the Lotka/Volterra
model. Modern niche theory is a mechanistic theory, or rather a family of mechanistic models,
in which both the objects of competition (resources) and a mechanism (resource exploitation
by two or more species) are being specified. In the following, I will present the reduction of
the Lotka/Volterra model to one particular model of modern niche theory, the model of
Glasser and Price (1982).
This reduction occurs with the help of an identification hypothesis and two aggregation
hypotheses. In the former (Leslie 1948; in Glasser & Price 1988, p. 58) it is assumed that the
carrying capacity of a species, Ki for species Si, can be written as the quotient of the
availability, Aj, of a particular resource j, and the per caput effect, cji, of (consumption by)
Si on the availability of that resource:
(5)
When there are T alternative (that is, more or less substitutable, sensu Tilman 1980) resources,
Ki is the sum of T quotients:
(6)

By assuming next that
(7)
where nji stands for the number of individuals of Si exploiting resource j, and by substituting
equations (6) and (7) into equation (4a) and simplifying, we get for a system of S species and
T resources:
(8)

Equation (8) is the model of modern niche theory presented by Glasser and Price (1982; see
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also Glasser & Price 1988).
The reduction of the Lotka/Volterra competition model to this model of modern niche theory
is a nice example of (deductive) heterogeneous micro-reduction (with aggregation and
identification): it uses a relatively simple identification hypothesis (equation (5)) and two
simple (’trivial’) aggregation hypotheses (equations (6) and (7)). Because only the steps
identification and ’trivial’ aggregation are used, we cannot speak of emergence at the level
of the Lotka/Volterra model relative to the level of modern niche theory (see chapter 5). This
is somewhat counter-intuitive because the reduction pertains to interactions between species
and because, as argued in former chapters, interactions between parts generally lead to
emergence at the level of the whole. However, these interactions play a role in both modern
niche theory and the Lotka/Volterra model. Put differently, both theories are concerned with
interactions between species. In that sense they both pertain to the same level of organization
(though of course modern niche theory deals also with the level of resources). It is only at
the level of the effects of these interactions (competitive exclusion or coexistence, and hence
the structure of communities) that emergence may occur.
It will be clear that the Lotka/Volterra model has acted as a holistic guide programme for
modern niche theory and that modern niche theory has acted as a reductionistic supply
programme for the Lotka/Volterra model. Thus, the reduction is also a nice example of the
co-operation and mutual dependence of holistic and reductionistic research programmes in
ecology (albeit so far perhaps the only example of a successful reduction resulting from such
co-operation).
Incidentally, it should be noticed that, since the Lotka/Volterra model is an idealization, and
since it is reduced deductively by modern niche theory, modern niche theory is itself also an
idealization. In the following sections I will discuss some specific applications and extensions
of the theory, whereby additional (auxiliary) hypotheses or theories are used, which may be
seen as concretizations of the theory. In doing so, I will also discuss some further terminology
in the field of modern niche theory.
11.3.2

Coexistence through niche differentiation

When nji/Ni is defined as fji, and when, in equation (8), nji is substituted by fjiNi, and njk by
fjkNk, we get (Glasser & Price 1988):
(9)

Next, when both sides of this equation are divided by Ni, and when it is assumed that no
parameters vary with Nk (that is, all δ/δNk are 0)81, then, by differentiation, an expression

81

This means, among other things, that it is assumed that species do not influence each
other’s probability of exploiting a particular resources (δfji/δNk = 0 for i = 1,..., S and j = 1,...,
T). As noted by Glasser and Price (1988, p. 66), however, in reality these probabilities may
be functions of the abundances of all other resources as well as of their consumers (that is,
fji = g(Nk,Al) for k = 1,..., S and l = 1,..., T). They also note that, since it is presently
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for the per caput competitive effect of Sk on Si is obtained:

The competition coefficient may then be written as:

(10)

According to Glasser and Price (1988, p. 58), because of the assumption that no parameters
vary with Nk, the frequencies in the denominator of equation 10 characterize the exploitation
of resources by Si en Sk in the absence of, respectively, interspecific and intraspecific density
effects, while the frequencies in the numerator characterize the exploitation of resources by
species Si in the absence of intraspecific density effects. These terms correspond to
Vandermeer’s (1972) notions of (0-th) partial niches (see chapter 10).
Thus, in this model, competition coefficients, and hence conditions for coexistence, are
functions of (1) the availabilities (Aj) of resources; (2) the niche breadths and niche overlap
(Σfjifjk/Σfji²)82 of the competing species; and (3) the per caput consumption rates (cji and cjk)
of these species. The latter depend in turn on the species’ minimum resource requirements
and their strategies and efficiencies of resource use (see below).
Whether competitive exclusion or coexistence occurs depends first of all on whether
resources are limiting or not. In a finite world all resources are limited. However, a resource
is limiting only if an increase in its availability is both necessary and sufficient for an increase
in population size. Therefore, competition need not affect a population’s growth rate, when
it is being limited by another factor than contested resource availability (such as the weather,
a toxic substance, a predator or parasite, or another resource).
In the second place it is important whether or not niche differentiation may occur. Niche
differentiation is one of the mechanisms through which competing species may be able to
reduce the intensity of competition (and hence the chance of competitive exclusion). Niche
differentiation results in reduction of niche overlap through reductions of niche breadth. This
can best be illustrated by a simple example. Suppose there are two bird species, S1 and S2,

impossible to write such functions explicitly, modern niche theory must as yet be
supplemented with the theory of exploitation strategies (Glasser 1982, 1984; see also
MacArthur & Pianka 1966; MacArthur & Wilson 1967; Abrams 1987a,b, 1988). I will return
to this later in the main text.
82

As argued by Petraitis (1979), measures of niche breadth and overlap must be
properly scaled to account for the frequency with which resources occur in a biotope. Glasser
and Price (1982, 1988) use Petraitis’ scaled maximum likelihood measures.
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both exploiting the same fruits, and suppose than in each other’s absence S1 consumes fruits
of 4-12 mm and S2 consumes fruits of 6-14 mm. Thus, the species have strongly overlapping
1-st partial (intraspecific) niches. Niche differentiation would mean in this case that in each
other’s presence S1 would consume only fruits of, say, 4-9 mm, and S2 would consume only
fruits of, say, 10-14 mm. That is to say, the species have ’divided up’ the available food
resources in such a way that their S=2-th partial (interspecific) realized niches do not overlap.
Besides niche differentiation, the terms ’resource partitioning’ and ’differential resource
utilization’ are also being used for this (though in my view the latter term rather indicates the
results of niche differentiation than the mechanism itself). It is also possible that only one of
the species changes its diet, in which case one speaks of ’niche displacement’ or ’niche shift’.
Niche differentiation need not be complete, however. It is also possible that S1 consumes
fruits of, say, 4-11 mm, and that S2 consumes fruits of, say, 9-14 mm. That is to say,
coexistence may also be possible with some degree of niche overlap of the competing species.
This has led to the question how different species must be in order to be able to coexist, or
conversely, how similar they must be in order not to be able to coexist. This is known as the
problem of ’limiting similarity’ (MacArthur & Levins 1967; May 1973, 1981; Roughgarden
1974, 1979; Schoener 1974, 1988; Abrams 1975, 1983).
In the long run (on an evolutionary scale) competition may also give rise to new sub-species
or even new species, for example when changes in diet are accompanied by morphological
changes (for instance in bill size or form), and thereby also become genetically fixed. In that
case one speaks of ’character displacement’ (Lack 1947; Brown & Wilson 1956; Grant 1972,
1975; Fenchel 1975; Davidson 1978; Pacala & Roughgarden 1982; Schluter et al. 1985).
(Another term being used for this is ’niche divergence’ but I it is not clear to me whether this
concept is also meant to include the genetic changes that are, in my view, required for
character displacement.) Thus, character displacement may be regarded as the evolutionary
equivalent of niche differentiation. Based upon the definitions suggested in chapter 10, the
chief difference between the two phenomena would be that character displacement also
involves changes in the potential niches of species, whereas niche differentiation pertains only
to changes in realized niches.83
The best known example of character displacement is formed by Darwin’s finches on the
Galapagos islands, which have developed into species with different body sizes, bill forms
and bill sizes, and which have come to utilize different types of resources (Lack 1947).
Though a plausible phenomenon (see, among others, Schoener 1974, 1984; Roughgarden
1976, 1979; Slatkin 1980; Case 1981, 1982; Taper & Case 1985; Abrams 1986), the
occurrence of character displacement is still controversial and actual examples are hard to find
(Strong et al. 1979; Connell 1980; Strong & Simberloff 1981; Arthur 1982).

83

Another difference is that character displacement can also lead to changes in the
(potential and/or realized) habitats of species (Scoener 1974b, 1975). Contrary to niche
differentiation, it is then no longer a mechanism of coexistence (in the same biotope or in the
area of realized habitat overlap (see 10.4.3) but a mechanism to avoid competition: the ghost
of competition past (Connell 1980).
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11.3.3

Niche differentiation or habitat differentiation?

Because of the confusion of various niche concepts in the ecological literature, it is not
surprising that there is also a lot of confusion about niche differentiation, particularly its
difference from habitat differentiation. Thus, one also speaks of niche differentiation (or of
differential resource utilization) when different species utilize the same resources but do so
at different locations in a biotope or, for instance, at different heights in a vegetation. A
famous example is MacArthur’s (1958) study of different warblers which are all of roughly
equal size and consume the same food (insects). MacArthur found, however, that they forage
at different heights in trees and this has been regarded as a form of niche differentiation
(resource partitioning). In my view, however, it is not a form of niche differentiation but a
form of habitat differentiation (see 10.4.3).
Typical of the confusion are some statements made by Begon, Harper and Townsend (1986).
These authors state that "In many cases, the resources utilized by ecologically similar species
are separated spatially. Differential resource utilization will then express itself as either a
microhabitat differentiation between species, or even a difference in geographical distribution
[that is, macrohabitat differentiation, sic]" (Begon et al. 1986, p. 283; emphasis added). In
both cases they speak of niche differentiation. They also state that "The other way in which
niches can be differentiated is on the basis of conditions. Two species may utilize precisely
the same resources [sic]; but if their ability to do so is influenced by environmental
conditions (as it is bound to be), and if they respond differently to these conditions, then each
may be competitively superior in different environments. This too can express itself as either
a microhabitat differentiation, or a [macro-habitat differentiation] (..) depending on whether
the appropriate conditions vary on a small spatial scale [or on] a large spatial scale" (Begon
et al. 1986, p. 283; emphasis added). They call this also niche differentiation. They do so, of
course, because they use Hutchinson’s multi-dimensional niche concept, which includes not
only resources but also environmental conditions, and also because they use the community
concept of habitat (H3; see the former chapter). Given the modern niche concept (theory),
however, these cases are not examples of niche differentiation but of habitat differentiation
(or, as indicated by the authors, but in the terms of chapter 10, microbiotope and
macrobiotope differentiation).
11.3.4

Coexistence without niche differentiation

Niche differentiation is impossible when the biotope is a simple and homogeneous medium
containing only one type of resource (such as in Gause’s (1934) famous Paramecium
experiments). This has led to such formulations of the competitive exclusion principle as
"Two species cannot coexist on the same limiting resource" (Ricklefs 1979, p. 549).
Armstrong and McGehee (1976, 1980) have shown, however, that this is true only when it
assumed, as in most competition models, that the per caput growth rates of species are linear
functions of the availability of resources, and when coexistence is considered at fixed
equilibrium densities. The linearity assumption implicates, however, that the per caput growth
rate of a population (r) could increase indefinitely with increasing resource availability, which
is biologically absurd (see also Abrams 1980, 1987a,b). Also, there seems to be no reason
why two species could not be said to coexist if their densities constantly fluctuate without
either of them ever reaching equilibrium density or becoming locally extinct (see also Levin
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1970). Armstrong and McGehee have shown that if coexistence is considered at fixed
equilibrium densities, S species cannot coexist on T < S resources, even without the linearity
assumption. When the assumption of fixed densities is relaxed, but not that of linearity, S
species can coexist on T < S resources, except when T = 1. When both assumptions are
relaxed simultaneously, S species can coexist on T < S resources even if T = 1. This means
that, contrary to many formulations of the competitive exclusion principle, different species
may well be able to coexist in spite of having identical (S-th partial or interspecific) realized
niches. (Of course, this is not to say that niche differentiation cannot be an important
mechanism of coexistence in heterogeneous biotopes.)
Different species having identical realized niches (that is, in terms of Glasser and Price’s
model, fji = fjk for j = 1 to T resources) may be able to coexist in a biotope if they have
different per caput effects, cji and cjk, on any of j = 1 to T resources. This is defined as the
quotient of Ri and eij, where Ri stands for the minimum number of resources required by each
individual of species Si, and eij for the efficiency with which individuals of species Si exploit
resource j. Thus, different species may be able to coexist in spite of having identical realized
niches if they have different minimum resource requirements (R) or exploit resources with
different efficiencies (e) (Glasser & Price 1982, p. 459). That such differences exist seems
very likely, suggesting once more that coexistence of competitors may be much more
probable than was once assumed. This is especially important with respect to plant species,
since all plants require essentially the same resources (space, light, water, mineral nutrients
and spore elements) and hence have strongly overlapping or identical niches. Because these
are all essential (sensu Tilman (1980), that is, non-substitutable) resources, opportunities for
niche differentiation in plants are much more limited than in animals. It is much more likely,
therefore, that plants are able to coexist through differences in competitive abilities, such as
measured by their consumption rates, minimum resource requirements or efficiencies of
resource use (see Aarssen 1983, 1984, 1985; Tilman 1980, 1982, 1985, 1988; Huisman &
Weissing 1994). I will return to this later (11.4.2 and 11.4.3).
11.3.5

Exploitation strategies

Conditions for coexistence are determined also by the resource exploitation strategies of
species (which may affect both their niche breadths, consumption rates and efficiencies of
resource use) and therefore by their functional responses (Holling 1965; Abrams 1980, 1987b;
Glasser 1982, 1984; Glasser & Price 1982, 1988; see also note 72).
In the ’classical’ theory of exploitation strategies (MacArthur & Pianka 1966; MacArthur
& Wilson 1967; Pianka 1970; Schoener 1971; Maynard Smith 1972) a distinction is made
between so-called r-selected species and K-selected species. The former are species with a
high per caput reproductive rate (r). They are often species of unstable biotopes, which keep
their population size far below the carrying capacity (K) of the biotope, are able to reproduce
themselves quickly and have high dispersal abilities. This investment in reproduction and
dispersal goes at the expense, however, of efficiency of resource use and hence competitive
ability. r-Selected species are often generalists, therefore, with a broad biotope preference and
food choice. K-selected species, on the other hand, are often specialists. They are often
species of relatively stable biotopes, which keep their population size at or near the carrying
capacity of the biotope and invest more in efficiency of resource use than in reproduction and
dispersal.
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As argued by Glasser (1982, 1984), it is likely that (obligate) generalists and specialists have
evolved under conditions where Ni/Ki is large and small, respectively, but constant. Under
conditions where Ni/Ki is variable, it is much more likely, however, that species have evolved
with facultative strategies. He calls such species facultative strategists. When Ni/Ki is variable
and large, one may expect the evolution of facultative strategists with even efficiencies of
resource use (eji = Ri/cji), and when Ni/Ki is variable but small, one may expect the evolution
of facultative strategists with uneven efficiencies of resource use. Since facultative strategists
with even efficiencies of resource use are indistinguishable, qua behaviour of niche breadth,
from obligate generalists, and since facultative strategists with even efficiencies strongly
resemble obligate specialists (see Glasser 1982, figure 2), the obligate strategies may be seen
as the two extremes of a continuum of facultative strategies (Glasser & Price 1982, p. 444).
And since most biotopes are variable and facultative strategists may occur also in stable
biotopes by generalizing and specializing accordingly, it may be expected that most
consumers (of substitutable resources!) are facultative strategists (Glasser 1982, 1984).
11.3.6

Niche breadth, niche overlap and the intensity of competition

As shown by Glasser and Price (1982), the niche breadths of species exploiting alternative
or substitutable resources (equation (9)) generally increase as the biotope is saturated (that is,
as population sizes increase) and unused resources become increasingly scarce, irrespective
of their exploitation strategies. However, the increase is fastest for a generalist (which exploits
resources proportionate to their frequencies of occurrence in a biotope), slowest for a
(sequential) specialist (which exploits a resource until it is exhausted and then moves on to
the next) and intermediate for a facultative strategist (which specializes when resources are
abundant but generalizes progressively as they become increasingly scarce) (Glasser 1982,
1984; Glasser & Price 1982).
Niche breadth thus generally increases with (increasing population size and) the proportion
of used resources, and this holds with both intra- and interspecific competition (Glasser &
Price 1982, 1988). Glasser and Price point out that this result is contrary to the conventional
wisdom of population ecology that interspecific competition leads to small, non-overlapping
niches. They also note, however, that the disparity may be readily resolved by distinguishing
between contemporary and evolutionary effects of competition, that is, respectively, broad,
overlapping niches versus small, non-overlapping niches (see below; see also Connell 1980).
Glasser and Price (1988) found that the S-th partial (interspecific) niches of model obligate
specialists are indistinguishable from their 1-st partial (intraspecific) niches (because these
species have fixed probabilities of exploiting alternative resources), but that the S-th partial
niches of both obligate generalists and facultative strategists are smaller than their 1-st partial
niches. They simulated competition between all possible pairs of generalists, specialists and
facultative strategists with even and uneven efficiencies of resource use, in both biotopes with
even initial resource frequencies and biotopes with uneven initial resource frequencies. They
found that in sixteen of eighteen possible pairs, realized niche overlap either remained the
same (when initial resource frequencies were uneven) or decreased (when initial resource
frequencies were even). The two exceptions, where realized niche overlap increased, were the
pair of an obligate generalist and a facultative strategist with even efficiencies of resource use
(which are indistinguishable, whence competition between these species closely resembles
intraspecific competition) and the pair of an obligate generalist and an obligate specialist
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(which they left unexplained), both in biotopes with even initial resource frequencies. The
general conclusion seems to be, therefore, that competition on an ecological time scale need
not necessarily lead to small, non-overlapping (S-th partial) realized niches.
Glasser and Price (1982) simulated competition between facultative strategists with
appropriate efficiencies of resource use and facultative strategists with adaptively variable
(malleable) efficiencies in biotopes with different initial evenness of resource frequencies and
subsequent variation. They found that the more malleable were the species’ efficiencies, the
faster these efficiencies changed relative to the rates with which resources were depleted or
supplied, the narrower became their niches and, hence, the less their niche overlap.84 They
concluded from this that "While not necessary, this phenomenon suffices to account for
character displacement" (Glasser & Price 1982, p. 445). Though I doubt whether this is
correct, since character displacement requires additional genetic changes not incorporated in
their model (whence perhaps their result should better be called niche divergence), it explains
in any case the opposite results that may be expected from evolutionary and contemporary
effects of competition (small, non-overlapping niches versus broad, overlapping ones).
However, as noted by Glasser and Price, it is extremely important to realize that "Although
narrow, non-overlapping niches could result from competition, because other processes may
have the same result, instantaneous niche measures do not permit evaluation of the importance
of competition in the evolution of species’ equilibria (Wiens 1977; Connell 1980)" (Glasser
& Price 1982, p. 446). This means, more generally, that hypotheses about possible effects of
competition should be tested independently of these effects. As I will discuss in chapter 13,
ignorance of this simple methodological rule may give rise to a lot of (inconclusive)
controversy.
Finally, as pointed out by Glasser and Price, it has been thought for a long time that the
intensity of competition is directly proportional to (S-th partial) realized niche overlap (for
example MacArthur & Levins 1964; Abrams 1983). Their results show, however, that S-th
partial niche overlap generally decreases as resources become scarce and the intensity of
competition increases. This implies that the intensity of competition is not directly
proportional to S-th partial niche overlap, but underestimated thereby. On the other hand, it
is overestimated by the 1-st partial (intraspecific) niches of species, as these are narrowed by
interspecific competition. This has serious implications for the possibilities of evaluating
competition theory (see Glasser & Price 1988, pp. 63-67, for a discussion of this problem).
11.4
11.4.1

Other niche models
Multiple level models

An attractive feature of models such as equation (8) is their general applicability. That is, by
summation, adding or subtracting appropriate terms they can be applied to every consumer-
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Glasser (1987, in Glasser and Price 1988, p. 62) has shown that interference competition
may have the same effect, that is, reduce the rate at which niche breadth increases as
resources are exploited (depleted), whence the increase in niche overlap as biotopes are
saturated is relatively small. This may happen through either increasing resource requirements
(Ri) or reduced efficiencies of resource use (eji). In both cases, consumption rates (cji)
increase.
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resource (predator-prey) system, both in the absence (j = 1) and in the presence (j > 1) of
competing prey species, and in both the absence (k = i = 1) or the presence (k > 1) of
competing predator species. In addition, as indicated above, the model, supplemented by the
theory of foraging strategies, can be applied also to both contemporary and evolutionary
aspects of competition. It can be applied also to both contemporary and evolutionary aspects
of predation, or, respectively, the structure of prey communities and the dynamics (succession)
of biocoenoses (see Glasser & Price 1982).85,86
As noted by Glasser and Price (1988, p. 68), single level models such as equation 8 are
inadequate, however, for resources whose dynamics may influence the outcome of
competition. More generally, therefore, we should write
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The major result of Glasser and Price (1982) in this respect is that predators may
increase the diversity of prey communities (a phenomenon which has been known for a longer
time, and is well documented, in the form of the effects of herbivores on the diversity of plant
communities). Since niche breadth generally decreases with decreasing population size (the
reverse of the effect, mentioned in the main text, of competition at increasing population size
and increasing scarcity of resources), a predator may reduce the niche breadths of its prey by
reducing their population size. As a result, more prey species can coexist on the same set of
resources, a phenomenon called species packing. More in particular, if there are several prey
species and if a predator selectively consumes an otherwise competitively dominant species,
formerly rare prey species may increase in abundance while others, which were previously
excluded, may be able to colonize.
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The application to succession of biocoenoses is a simple extension of the applications
to competition and predation, given that successive trophic levels are colonized successively
(predators are able to colonize only when there are enough prey). Glasser and Price point out
that competition is important in the first stage of colonization of any trophic level (when there
are only ’prey’ species), but that in the course of succession predation becomes ever more
important at all levels except the highest (top predators). This leads to the expectation that
in the course of succession of biocoenoses patterns of exploitation competition (only prey
species) are followed each time by patterns of predation. As an example of this phenomenon,
which is known as the taxon cycle, Glasser and Price mention patterns in the abundance
distributions of species at a certain level, which are often initially uneven as a result of
exploitation competition but later become more even as predators (facultative strategists)
colonize the next level.
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(11a)

(11b) (8)

where f(Al) is a function describing the growth of resource l in the absence of consumption,
for l = 1, ..., T. When resources are non self-reproducing (for instance abiotic resources such
as mineral nutrients, but also such resources as fruits and seeds), f(Al) may take the form of
a chemostat model, whence
(11c)

where Ij stands for the input rate of resource j, and Ej is a constant giving the exit rate of
resource j in the absence of consumption (see also Abrams 1988, who uses another term,
however, for the effect of consumption on the growth rate of resource j; see also Leon &
Tumpson 1975, and Tilman 1980, 1982, for different versions of the chemostat model). Selfreproducing resources may of course be modelled in the same way as their consumers (that
is, by equation (8) or (11b)).
11.4.2

Tilman’s resource-ratio model

An interesting model, which specifies another mechanism of coexistence than niche
differentiation, is Tilman’s resource-ratio model (Tilman 1980, 1982, 1985, 1988). Tilman
(1980, 1982) provides the following equations forming a multiple level model of competition
and predation for S species and T resources:
(12a)

(12b)
where Ni is the population size of species i, Rj the availability of resource j, mi the per caput
death rate of species i, fi the functional relation between the availabilities of all resources and
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the per caput growth rate of species i,87 gj a function describing the supply rate of resource
j, and hij a function describing the amount of resources required to produce a new individual
of species i.
Like Glasser and Prices’ model, Tilman’s model also reduces the Lotka-Volterra competition
model, but the reduction is a lot more complicated (see the appendix in Tilman 1982). It is
easier seen from Tilman’s graphical presentation of his model (figure 10).
Based on equations (12a) and (12b), Tilman defines (1) zero net growth isoclines for
species’ populations, or the set of points (in a hyperspace whose axes are being formed by
the abundances of resources) where their per caput reproduction rate equals their per caput
death rate (that is, dNi/dt = 0); (2) supply vectors and a supply point for resources, defined
as the maximum availability of resources in the absence of consumption; and (3) the
consumption rates and consumption vectors for species.
The zero net growth isocline (ZNGI) of a species’ population represents its minimum
resource requirements. It forms the boundary between availabilities of resources that allow
the species to survive and reproduce, and availabilities that don’t. It can be regarded,
therefore, as a representation of the species’ potential niche (with respect to these resources).
There is only one point on the ZNGI of a species where the levels of resources are also
constant. This is the point where the species’ consumption rate equals the resource supply
rate. It is the point at which the species’ population would equilibrate as a result of
intraspecific competition and in the absence of interspecific competitors. Thus, it represents
the species’ 1-st partial realized niche.
Figure 10 shows that there are four possible ways in which the ZNGI’s of two species, A
and B, exploiting two essential resources, R1 and R2, may be situated relative to each
other.88 In case A the ZNGI of species A is always situated within (that is, closer to the
resource axe than) that of species B. This means that, compared to species B, species A has
lower minimum resource requirements for both resource R1 and resource R2. Neither species
can survive in biotopes89 with resource supply points lying below their ZNGI’s (area 1),
because such points do not meet their resource requirements (that is, do not belong to their
potential niches). In biotopes with resource supply points in area 2, below the ZNGI of
species B but above that of species A, species B is unable to survive and reproduce, while
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Abrams (1987a, p. 63-64) points out that Tilman’s formulation of fi(Aj) makes sense
only when the fi’s describe the per caput reproduction of species i as a function of a single
resource where others are present in surplus supplies. But except when species i has equal
requirements for all resources, one would expect its per caput reproduction to increase at
different rates with increasing availability of resources, depending on which resource is
limiting. More properly, therefore, the functions f should be indexed for the densities of both
consumers and resources.
88

The forms of the ZNGI’s of different species depend on the types of resources they
exploit (whether essential, hemi-essential, or substitutable; see Tilman 1980) and on their
exploitation strategies. Different forms of the ZNGI’s lead to different conditions for
coexistence (see Tilman 1980, 1982, 1988; Abrams 1987b, 1988).
89
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Figure 10: The outcomes of competition generated by Tilman’s model for two species, A and
B, competing for resources R1 and R2 (after Tilman 1988). See main text for explanation.
species A is able to reach its equilibrium density (carrying capacity, K). In biotopes with
supply points in area 3, species A will competitively displace species B, because it is able to
reduce the resources to levels on its own ZNGI, which are to low for species B.
In case B the situation is reversed. In area 2 only species B is able to survive, and in area
3 species B will competitively displace species A.
In cases C and D the positions of the ZNGI’s relative to each other imply that, compared
to species B, species A is more limited by resource R1 than by resource R2, and that,
compared to species A, species B is more limited by resource R2 than by resource R1. Again,
neither species can survive in biotopes with resource supply points in area 1. In biotopes with
supply points in area 2 species A is unable to survive, whence the system will equilibrate on
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the ZNGI of species B. If resource supply points lie in area 3, both species will be limited
more by R1 than by R2. Because species B has a lower minimum requirement for R1, it will
competitively displace species A in all biotopes having such supply points, as it is capable
of reducing R1 to a level on its own ZNGI, which is too low for species A. The reverse holds
for area 5. In all biotopes with resource supply points in this area both species will be more
limited by R2 than by R1. However, species A, having a lower minimum requirement for R2,
will be able to reduce R2 to a level on its own ZNGI, which is too low for species B, and
will thereby competitively displace species B.
It should be noted that these results will hold irrespective of the species’ consumption rates
of both resources (indicated by the consumption vectors CA and CB). It doesn’t matter whether
species B consumes relatively more (case C) or less (case D) of R1 than does species A. In
both cases it will competitively displace species A in all biotopes with resource supply points
in area 3. The same holds for species A in area 5.
The only area where the consumption rates of both species influence the outcome of
competition, and where, hence, the outcome in case C is different from the one in case D, is
area 4. The difference reflects the crucial assumption of Tilman’s model that "For a group of
species to be able to coexist along a resource gradient when competing for essential resources,
they must be ranked in competitive ability for one resource in reverse order of their
competitive ranking for the second resource" (Tilman 1980, p. 383). This means that "For two
species to stably coexist on two resources, each species must, relative to the other species,
consume proportionally more of the resource which more limits its own growth rate" (p. 375).
This condition is met in case C but not in case D (see the direction of the consumption
vectors CA and CB). In case C, species A, which is more limited by R1, consumes relatively
more of R1, while species B, which is more limited by R2, consumes relatively more of R2.
This means that intraspecific competition is stronger than interspecific competition (see also
Tilman 1988, p. 44). The result is a stable equilibrium at the point of intersection of the
species’ ZNGI’s. In case D, on the other hand, each species consumes more of the resource
that less limits its own growth rate (and more limits the growth rate of the other: interspecific
competition is stronger than intraspecific competition). When such ’non-optimal’ foraging
occurs, the equilibrium point is unstable and the system will eventually equilibrate at only one
of the species’ ZNGI’s. Which species will be displaced depends on the initial conditions.
Like the Lotka/Volterra model, Tilman’s model also predicts that the species with the initial
advantage of a larger population will competitively exclude the other. (Notice that the four
possible outcomes of competition as predicted by Tilman’s model correspond to the
predictions of the Lotka/Volterra model. That is to say, the former reduces the latter.)
It appears from Tilman’s model, then, that two species competing for two essential resources
may coexist, in spite of having identical S-th partial realized niches, as long as two conditions
are met. In the first place the biotope, or rather the resource supply point, must be such that
the one species is more limited by the one resource and the other species more by the other
resource. And in the second place each species must consume relatively more of the resource
that more limits its own growth rate. Thus, as noted by Begon, Harper and Townsend (1982,
p. 287-8), the key to the problem of coexistence in plants lies with the explicit attention for
the dynamics of resources as well as of their consumers, and with the fact that for both
species intraspecific competition may be stronger than interspecific competition.
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11.4.3

Niche differentiation or balanced competitive abilities?

According to Begon, Harper and Townsend (1986, p. 287), the mechanism of coexistence in
Tilman’s model is niche differentiation, be it a subtle form. The reason why they think so is
provided in the margin of their text: "Each species consumes more of the resource that more
limits its own growth". In other words, they think the mechanism is niche differentiation
because of differences in the species’ consumption rates for different resources. The reasoning
seems to be that the existence of differences in consumption rates would involve some form
of ’differential resource utilization’ (the result of niche differentiation). In the first place,
however, though a species’ consumption rate is of course related to its (realized) niche, it is
not the same as its niche nor a part of it (see the definitions in box 6 in 10.3.5). This can be
seen particularly well in equations (9) and (10), where fji and fjk denote the realized niches
of species Si and Sk, and where Σfjifjk/Σfji² denotes niche overlap. These terms are independent
of the parameters cji and cjk, the species’ per caput consumption rates.
In the second place niche differentiation pertains to the coming into existence (in ecological
time) of differences in resource utilization patterns by different species, not to their existence.
Existing differences may be the result of niche differentiation, but that need not be the case
(see 10.3.6). Niche differentiation may be defined as reduction of niche overlap through
reductions of niche breadth, where niche breadth is defined as the range of resources a species
may exploit (potential niche) or exploits (realized niche) relative to their frequency of
occurrence in a biotope (see Petraitis 1979). Tilman’s model mentions no such reductions.
Tilman’s model says nothing about shifts in, or the divergence of, the (S-th partial) realized
niches of species (relative to their 1-st partial niches).
In the third place it may be noted that in Tilman’s graphical model (figure 10) in all cases
and in all areas except area 4 in case C, only one of the species survives and, hence, has a
realized niche. In all these cases, of course, the excluded species doesn’t have a realized niche
(in the biotope). It is only in area 4 in case C that coexistence is possible and that both
species have a realized niche. Moreover, since in this case the species equilibrate on the point
of intersection of their ZNGI’s, they have identical realized niches. This too indicates that the
mechanism of coexistence in Tilman’s model is not niche differentiation. In Tilman’s model
coexistence is possible only when species have balanced competitive abilities, as expressed
by on the one hand their ZNGI’s (minimum resource requirements) and on the other hand
their consumption rates.
Competitive ability is often defined, also by Tilman, as a combination of (1) the ability of
a species (or individual), relative to another species (individual), to tolerate reductions in the
level of contested resource availability, and (2) the ability of a species (individual) to reduce
contested resources for another species (individual) (see Aarssen 1983, p. 709; Tilman 1987).
The first component corresponds to the minimum resource requirements of a species and
hence with its ZNGI, the second with its (per caput) consumption rate. (Notice that in Glasser
and Price’s model the per caput consumption rate of a species Si for resource j, cji, is defined
as the quotient of the species’ minimum resource requirements, Ri, and its efficiency of
exploiting resource j, eji.)
The mechanism of coexistence in Tilman’s model may therefore better be called coexistence
through balanced competitive abilities (Aarssen 1983, 1984; see also Huisman & Weissing
1994). Considering his statement that "For a group of species to be able to coexist along a
resource gradient when competing for essential resources, they must be ranked in competitive
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ability for one resource in reverse order of their competitive ranking for the second
resource" (Tilman 1980, p. 383; emphasis added) I guess that Tilman will agree with this
view.
Of course this is not to say that niches, or differences between niches, are not important in
Tilman’s model. Because of his explicit attention for resources, and for the dynamics of
resources, his model is pre-eminently a model of modern niche theory. Only, his model is not
directed at coexistence through niche differentiation (probably because Tilman is primarily
interested in plants and because opportunities for niche differentiation in plants are limited;
see section 10.3.4).
Incidentally, Tilman’s model can easily be extended to systems of more than two species
and, through these extensions, can also be used, like Glasser and Price’s model, to explain
both the structure (species’ coexistence) and dynamics (succession) of communities (see
Tilman 1988, 1990).
11.5

Conclusions

It would go much too far to give an evaluation of (all models of) modern niche theory (see
Schoener 1989, for such an evaluation). The general conclusion for the moment seems to be
that the theory is becoming ever more adequate (be it more diverse; Schoener 1989) and that
supporting evidence is accumulating (see, among others, Connell 1983; Schoener 1983, 1989;
Huisman & Weissing 1994). Because of its relative simplicity on the one hand and its general
applicability on the other, the theory seems to be a serious candidate for becoming the first
general ecological theory.
The purpose of this chapter was not to give an evaluation of modern niche theory, however
(and therefore doesn’t stand or fall with this evaluation). The purpose was to show that in
ecology, too, co-operation of holistic and reductionistic research programmes occurs. The
reduction of the Lotka/Volterra competition model to modern niche theory provides a nice
example. In this reduction, the (phenomenological) Lotka/Volterra model acted as a holistic
guide programme and modern niche theory as a reductionistic supply programme. The
reduction was established with the help of an identification hypothesis and two simple
aggregation hypotheses and, therefore, though not dealing with emergence, provides yet
another example of heterogeneous micro-reduction in biology.
Finally, since the Lotka/Volterra is an idealization, and since this model is reduced
deductively by modern niche theory, it follows that modern niche theory is also an
idealization. On the other hand, the various applications of (specific models of) the theory,
whereby additional hypotheses or theories (such as the theory of exploitation strategies) are
used, may be regarded as concretizations (approximative reductions) of the theory. Thus, we
see once more that deductive and approximative reductions may go hand in hand. In the next
chapter I will discuss another example.
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IDEALIZATION AND CONCRETIZATION IN ISLAND BIOGEOGRAPHY90
12.1

Introduction

In this chapter I will discuss another example of co-operation of holistic and reductionistic
research programmes in ecology. The example concerns some developments in island
biogeography, a branch of ecology dealing with the distribution and abundance of species on
islands. This branch went through a phase of rapid development when MacArthur and Wilson
(1963, 1967) introduced their equilibrium theory of island biogeography. Before that, island
biogeography consisted mainly of a large collection of ’facts’ (data, records) in which only
a few regularities were observed. MacArthur and Wilson presented a simple holistic model
about the number of species on islands which not only explained these regularities but also
made a number of new predictions. In doing so, the model not only brought unity to the field
but also generated an enormous amount of research. After a phase in which the model was
tested, it appeared to be a bit too simple, however, and research became more focused at
seeking out the various causal factors that might underlie the (parameters of the) model.
As argued by Haila and Järvinen (1980), these developments can be described very well in
terms of the model of idealization and concretization (Krajewski 1977; see also Nowak 1980).
Since concretization is more or less the same as approximative reduction (see chapter 3), they
can be described also in terms of approximative reduction. MacArthur and Wilson’s model
appears then as a holistic idealization which subsequent reductionistic research programmes
have concretized, that is, approximately reduced. Thus, in this structure of idealization and
concretization we can recognize yet another form of co-operation of holistic and reductionistic
research programmes.
12.2
12.2.1

The theory of island biogeography
Area effect and distance effect

Islands and island biota have long fascinated biologists. It is known of Darwin that he derived
many of the ingredients for his theory from island biota. One of the reasons for this special
attention for islands is that they come a long way towards reaching the ideal of discrete, welldefined entities. As discussed in chapter 9, the major problem on the mainland has always
been that the boundaries between communities are generally vague. On islands, it is a lot
easier to determine the structure (number and composition of species) of communities (though
as island size increases the same problem occurs).
One of the most striking features of island communities, and one of the first ’facts’ of island
biogeography (Hooker 1866), is their ’impoverishment’ relative to communities in similar
areas on the mainland. This impoverishment is found in both the total species number, the
number of species per genus, and the number of genera per family. Because it is more
pronounced on more distant islands, this phenomenon has been called the distance effect. In
most cases, this effect can be readily explained through differences in dispersal abilities of
species. For example, the absence of large predators on many islands can be explained from
the fact that they are simply incapable, either physically or psychologically, to cross vast
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This chapter is largely based on Looijen (1984). Since then, little has happened in island
biogeography to affect my thesis.
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stretches of water. On the other hand, many plant species have very light seeds or spores
which can easily be carried by winds over large distances. Birds generally have good dispersal
abilities, but even within this taxon there are large differences between species, genera and
families. An extreme example is the difference between albatrosses, which can travel
enormous distances, and penguins which have completely lost the ability to travel by flight.
Another long-known fact of island biogeography is the so-called area effect: the larger an
island, the higher its number of species. Unsurprising as this may seem to a layman, there has
always been considerable disagreement amongst ecologists (biogeographers) as to the precise
nature of this relation (Arrhenius 1921; Gleason 1922; Fisher, Corbet & Williams 1943;
Williams 1946; Preston 1948, see also May 1975; and Williamson 1981; see also section
12.2.3) as well as its explanation. In ’classical’ island biogeography the area effect was mostly
explained as an effect of biotope (’habitat’) diversity91: smaller islands are generally less
varied in environmental conditions, such as relief, elevation, fresh water, or vegetation cover,
than larger islands. Since each species has its own specific environmental requirements and
tolerances, different species may require different biotopes for their survival and reproduction.
When certain biotopes are absent on small islands, then so are the species of these biotopes.
However, this is not the only possible explanation of the area effect. An alternative
explanation was provided by MacArthur and Wilson (1963, 1967). MacArthur and Wilson
introduced a simple92 model, called the equilibrium theory of island biogeography, with
which they could explain not only the area effect but also the distance effect, and also make
a number of new predictions.
12.2.2

MacArthur and Wilson’s equilibrium model

MacArthur and Wilson state that the number of species on an island is determined by two
processes: immigration and extinction. They assume that as the number of species increases,
the immigration rate decreases and the extinction rate increases. They also assume, and this
is the crucial assumption of their theory, that on every island an equilibrium will be reached
in the number of species as a result of a balance between the immigration rate and the
extinction rate. The equilibrium is a dynamical equilibrium, however, since the number of
species stabilizes but the species composition may (will) change continually. Finally, they
assume that the immigrate rate is determined only by the island’s distance to the mainland
(or another potential source of immigrants) and that the extinction rate is determined only by
the island’s area. The more isolated (distant) an island, the lower the immigration rate, and
the larger an island, the lower the extinction rate. The reasoning behind the former relation
is that the more isolated an island, the smaller the number of species that are able to reach
it (because of differences in dispersal abilities of species) and also the longer it takes for
species that are able to reach the island to actually do so. The reasoning behind the latter
relation is that the larger an island, the larger the population sizes of the present species and
the smaller their chances of becoming extinct due to stochastic fluctuations in the number of
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The classical term for this is habitat diversity, but see chapter 10.

The term ’simple’ applies to MacArthur and Wilson’s graphical model. Their
mathematical model is not simple at all.
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births and deaths.

Figure 11: MacArthur and Wilson’s equilibrium model. Where immigration rate (I) balances
extinction rate (E), the number of species is in equilibrium (Ŝ) at a constant turnover rate Ř.
MacArthur and Wilson present their theory graphically (figure 11) by plotting the
immigration (I) and extinction (E) rates against the number of species (S) already present on
an island (with a maximum number, P, equal to the number of species in the species pool on
the mainland). They assume curved, concave relationships. They assume that the I-curve will
be concave because, as an island is colonized, there will first be a fast and massive
immigration of species with high dispersal abilities, leading to a strong decline in the overall
immigration rate, followed by the later arrival of slower colonists which will cause the curve
to decline more slowly to its asymptotic value of zero immigration (as an island becomes
saturated, the chance of newly arriving individuals belonging to a new species decreases and
goes to zero when all species are present). As to the E-curve, MacArthur and Wilson assume
that as the number of species on an island increases a combination of two negative effects
will occur: the increasing effect of decreasing population sizes and hence increasing chances
of species becoming locally extinct, and an increasing effect of interspecific interferences
(especially competition), also possibly decreasing population sizes. Because the two effects
may reinforce each other, MacArthur and Wilson assume that the E-curve will also have a
concave, almost exponential shape. At the point of intersection of the I-curve and the E-curve,
the immigration rate equals the extinction rate, and hence there is a balance between the
number of species immigrating and the number of species becoming extinct. At this point,
therefore, the number of species is in equilibrium. The equilibrium number of species (Ŝ) is
obtained by dropping a perpendicular from the point of intersection of the I-curve and the Ecurve on the ordinate. The equilibrium is dynamic, because, though the number of species
remains the same, the species composition may change continually. The rate at which this
happens, called the equilibrial turnover rate (Ř), is obtained by dropping a perpendicular from
the point of intersection of the I-curve and the E-curve on the abscissa. The turnover rate is
constant, as soon as Ŝ is reached.
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Figure 12: Explanation of the distance effect (a) and the area effect (b) by MacArthur and
Wilson’s model; n = near, f = far, s = small, l = large.
As mentioned earlier, MacArthur and Wilson assume that the immigration rate depends only
on the distance of an island to the mainland: the larger this distance, the lower the
immigration rate. This means that the I-curve is lower for more isolated islands than for less
isolated islands (figure 12a). The authors assume also that the extinction rate depends only
on the area of an island: the larger an island, the lower the extinction rate. This means that
the E-curve is lower for larger islands than for smaller islands (figure 12b).
With this simple model several predictions can be made:
1) The number of species at equilibrium is larger on near islands than on far islands (see
figure 12a: Ŝn is larger than Ŝf). This prediction is at the same time an explanation of the
distance effect.
2) The turnover rate at equilibrium is lower on far islands than on near islands (Řf is smaller
than Řn).
3) The number of species at equilibrium is larger on large islands than on small islands
(figure 12b: Ŝl is larger than Ŝs). This prediction is at the same time an explanation of the area
effect.
4) The turnover rate at equilibrium is higher on small islands than on large islands (Řs is
larger than Řl).
5) The decrease of Ŝ with increasing distance (that is, the distance effect) is more pronounced
on large islands than on small islands. This cannot easily be seen from the graphical model
but follows from the mathematical version of the theory. The crucial factor is that the E-curve
is lower for large islands than for small islands.
6) The increase of Ŝ with increasing area (that is, the area effect) is more pronounced on far
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islands than on near islands. This too follows from the mathematical model. The crucial factor
in this case is that the I-curve is lower for far islands than for near islands.
Another, general prediction of MacArthur and Wilson’s model is that the turnover rate at
equilibrium, and hence the extinction rate at equilibrium, is much higher than one used to
think. In their mathematical model, MacArthur and Wilson develop the following relation for
the turnover rate:
Ř = 1.16 Ŝ/t0.9
where t0.9 is the time required to reach 90% of the equilibrium number of species (starting
from S = 0). Supposing, for example, that t0.9 = 50 year and Ŝ = 300, on average 7 species
per year would become (locally) extinct!
12.2.3

Testing and evaluation of the model

A great many researchers have tried to find empirical support for MacArthur and Wilson’s
theory (hereafter: the M/W-model). Most of these studies consist of attempts to determine
species-area relations and species-distance relations, and some of attempts to measure turnover
rates. It appears from these studies that the M/W-model faces a number of serious problems.
In the first place it appears that although there is almost always a qualitative relation
between species number and island area, there is no equivocal quantitative relation (Slud
1976; Connor & McCoy 1979; Gilbert 1980; Williamson 1981). The relation is different for
different taxonomic groups and for different biogeographic regions and in almost all cases
there is a large variation in species number per area class. That is, species-area relations turn
out to be more often clouded than straight lines (or curves, depending on the scale one uses).
In a review of the evidence on species-area relations for birds (a taxonomical group showing
the best fit to a straight line) Slud (1976) concludes that "Insular biotas (...) conform to no
universal standard and their compositions are each the unique result of an interplay among
many factors that are differently peculiar to islands: this makes islands synecologically
nonintercomparable" (in Gilbert 1980, p. 217). And Gilbert (1980, p. 220), who reviewed all
the literature on species-area relations up to 1980, concludes: "It seems to me to be difficult
to base a theory of the numbers of species on islands upon such evidence as is presented
above, let alone one with such wide ramifications".
This problem seems to be less serious for species-distance relations, but these are
considerably less well documented. Williamson (1981) notes, moreover, that it is very difficult
in most cases to unravel the effect of distance on species number from all other characteristics
in which islands may differ from one another (which is so much as saying that, apart from
area, distance is not the only factor determining species number).
Another problem is that species-area relations can also be explained in terms of other factors
than are assumed in the M/W-model. I have already mentioned the main alternative theory:
larger islands generally contain more biotopes than do small islands, each with their
complement of species. This means that species-area relations, even if they would be
equivocal, in themselves do not provide evidence for the M/W-model (as has been assumed
by many authors; see Gilbert 1980). The same applies to the distance effect. This can also be
explained by simply assuming differences in dispersal abilities between species. Besides,
isolated islands are often also small islands with a smaller biotope diversity, whence the
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distance effect may also be the result of the biotope effect.
The conclusion to be drawn from this is that the area and distance effects can be tested
properly only if other possible factors can be excluded or held constant. A biotopeindependent area effect has been confirmed only by Simberloff (1976) and by Simberloff and
Abele (1976), and was made plausible by Abbott (1978) and Lawton (1984). A biotopeindependent distance effect has been confirmed only by Simberloff and Wilson (1969, 1970).
On the other hand, there is innumerable evidence in favour of the biotope effect.
Another alternative theory is, moreover, that the number of species on islands may be
determined also by the evolution of species. A particular aspect of this is endemism, that is,
the occurrence of species (endemes) that are found only on a single island, or at most a group
of nearby islands, and nowhere else. Endemism is most likely to occur on distant, isolated
islands, as it requires the genetic isolation of species. Because it leads to an increase in the
number of species, the effect of endemism runs counter to the distance effect and may
complicate the latter considerably: on isolated islands the rate at which new species evolve
may be equal to or even exceed the rate at which new species immigrate (Williamson 1981).
On the other hand, endemism is most likely to occur on large islands, because of the lower
probability of a new species population becoming extinct. Though this agrees with the M/Wmodel, it does mean that evolution of species may also be an alternative explanation for the
species-area relation.
The crucial element of the M/W-model, in which it is distinct from other theories, is the
prediction of an equilibrium in the number of species at constant turnover of species. Thus,
it would seem that the best way to test the model is by testing this prediction. This has not
been done often, however, probably because it is very difficult to establish at all whether
something like stability or turnover of species occurs (see below). A general turnover of
species has been confirmed only by Simberloff and Wilson (1969) and by Beven (1976, in
Williamson 1981). The prediction that the turnover rate decreases with increasing distance,
has been confirmed only by Simberloff and Wilson (1969, 1970). The prediction that the
turnover rate increases with decreasing area, has been confirmed only by Diamond (1969) and
by Jones and Diamond (1976). The results of these studies are controversial, moreover.
Forced by criticism of the results of Simberloff and Wilson (1969, 1970), Simberloff (1976b)
had to adjust the rate of turnover from 0.05 - 0.5 species a day to 1.5 species a year!
The chief problem with testing the M/W-model on this point is that it is very difficult to
establish at all whether the number of species on an island is stable and whether a turnover
of species occurs. In the first place the question is what is to count as ’stable’. How much
variation in the number of species should one allow in order still to be able to talk of
stability? How long is stable: ten years, twenty years, a hundred years? How is one to count
all species? How many individuals of a species should there be in order for the species to be
counted present? What to do with a species that is present one year and absent the next year?
Depending on the scale of the system, studies of the stability of species number may be an
extremely time-consuming, labour-intensive and costly matter. Naturally, such studies are
scarce.
Another problem is well illustrated by the study of Simberloff and his colleagues. In order
to demonstrate a biotope-independent area effect Simberloff (1976a) determined the number
of arthropods on nine mangrove islands of different size. Because these islands all consist of
only one mangrove species, they are equal in biotope diversity. Simberloff found a good
relation between island area and species number. In a crucial experiment Simberloff and
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Abele (1976) cut two islands into several pieces of different size and in time measured the
number of species on the newly created islands. On all islands it stayed well below the
number of species on the original (larger) islands. In order to demonstrate a biotopeindependent distance effect Simberloff and Wilson (1969, 1970) first determined all arthropod
species on various mangrove islands which had the same area but varied in distance to the
coast. Next they defaunated the islands with methylbromide, a toxic substance which kills the
fauna but leaves the vegetation intact. And then they counted the number of arthropod species
(re)colonizing the islands in the following years, with the expected results. Perhaps
experiments like this are the only way to really test ecological theories, but of course the
cutting into pieces and defaunating of islands on a larger scale is practically impossible and
ethically inadmissible.
Finally, the M/W-model has also been criticized on theoretical grounds. Thus, it has been
argued that one of the crucial assumptions of the model, that the immigration rate depends
only on distance, need not be correct. It may depend also on area: the larger an island, the
larger a ’target’ it is for potential colonists and hence the larger the chance of species being
able to colonize (Simberloff 1976a; Williamson 1981). The assumption that the extinction rate
depends only on area has also been criticized. Brown and Kodric-Brown (1977) have
suggested that the extinction rate may be determined also by distance, because a population
that is facing extinction may be ’rescued’ by the immigration of new individuals of the same
species, a probability which increases with decreasing distance. They call this the ’rescue
effect’.
Yet another problem is that whether or not a species is successful in colonizing an island
may be determined also by the presence (or absence) of other species. Species of higher
trophic levels (herbivores, predators, parasites) will be able to colonize successfully only if
species of lower trophic levels (plants, prey, hosts) are already present. (This can actually be
seen as a component of the biotope effect, and more in particular as a resource effect, but
trophic relations are usually distinguished from other biotope factors.) And the probability of
successful colonization may be determined also by the presence of interspecific competitors,
directly, through interference, or indirectly, through the exploitation of resources, both leading
to smaller populations and hence increasing extinction chances. This would mean that the
extinction rate depends not only on island area but also on the presence or absence of other
species.
12.3
12.3.1

Reduction of the equilibrium model
Idealization and concretization

After all these criticisms it is perhaps tempting to reject the M/W-model completely.
However, this would do no justice to, first, the unifying value of the model, second, the great
heuristic value which the model has had, and still has, for island biogeographic research, and
third the fact that some supporting evidence for the model has been found. Even one of its
strongest critics concludes that "The qualitative use of the equilibrium concept has stimulated
a great deal of valuable research, and is clearly of use as a way of approaching an appropriate
problem" (Gilbert 1980, p. 230). Also, although today the model is more or less left for what
it is, it still forms the theoretical framework for discussing developments in island
biogeography, and it is still presented in ecological handbooks as a major alternative (or,
rather, complement) to the theories of biotope diversity and evolution of species on islands
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(see for example Begon et al. 1996; Krebs 1994). Thus, the conclusion should not be so much
that the M/W-model has been rejected but rather that is has been insufficiently tested, and that
it is difficult to test. There may be interference between area and distance, and underneath
both concepts all kinds of factors may be hidden which, separately or in concert, determine
the number of species on islands.
In more recent research the attention has shifted, therefore, from attempts to test or find
evidence for the model towards causal analyses of the environmental factors on islands and
the processes which determine not only the number of species but also their identity and
hence the species composition of island communities (Brussaard 1984; Cohen 1989;
Roughgarden 1989; Cody 1989; see below and the next chapter for examples). This agrees
well with the account of developments in island biogeography provided by Haila and Järvinen
(1980).
The core of the M/W-model is the equilibrium hypothesis. According to Haila and Järvinen
(1980), this can be seen as a strict model, which either ’fits the facts’ or not, but it can also
be given a ’weaker’ formulation. In this weaker formulation, one assumes that the
probabilities of immigration and extinction depend only on the number of species and on the
number of individuals per species. Both depend on area. From these premises also a dynamic
equilibrium follows, but since the argument has now become deductive, the attention should
not be focused on the equilibrium hypothesis but on the premises, that is, on the factors
determining the rates of immigration and extinction. "Instead of testing (and potentially
falsifying) the equilibrium hypothesis, this alternative formulation thus directs research
towards ecologically significant factors" (Haila & Järvinen 1980, p. 268). As noted above, this
is exactly what has happened in more recent research.
The question then becomes how determinate the processes of immigration (colonization) and
extinction of separate populations are, and what mechanisms are important in different
situations. Also, one must decide upon the level of explanation. "For example, colonization
patterns have been studied both from a holistic and a reductionistic point of view (...); a good
example of the community-level paradigm here is Diamond’s (1975a and other papers) work
on the colonization patterns of land birds in the archipelagoes surrounding New Guinea
[emphasizing the importance of interspecific competition; see the next chapter; RL], while
Järvinen and Haila [1984] interpreted colonization patterns of land birds in a Finnish
archipelago on a reductionistic basis, in terms of the habitat requirements of individual
species" (Haila & Järvinen 1980, p. 269).
According to Haila and Järvinen, there is no straightforward answer to the question whether
there are general processes determining the structure of island communities or whether an
idiographic (reductionistic) approach is more feasible. On the one hand it is clear that the
M/W-model is too simple and too general as an explanation of the ecological characteristics
of islands. On the other hand an idiographic approach alone is not sufficient either. Science
doesn’t consist of just collecting data, independent of theories and theoretical concepts.
Without (implicit or explicit) theories, systematic observations are impossible and related
problems remain unsolved. It is exactly this function which the M/W-model fulfilled.
Therefore, according to Haila and Järvinen, the developments in island biogeography with
and after the introduction of the M/W-model can be described very well in terms of the model
of idealization and concretization (Krajewski 1977; see also Nowak 1980; and chapter 3; see
Tuomivaara 1994, on idealization in ecology). This model describes a process of growth of
knowledge starting with an idealization step - the forming of a global theoretical concept or
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model - followed by the stepwise concretization or factualization of this concept or model,
leading to a better understanding of both its domain and its constraints. In the present
example, the idealization is of course the M/W-model, and the concretizations are provided
by the causal analyses of the ecological factors determining the processes of immigration and
extinction of species. Though a separate role for island area and distance is still
acknowledged, these concretizations involve a number of additional factors, the most
important of which appear to be the biotope diversity on islands in relation to the
environmental requirements and tolerances of species, the dispersal abilities of species in
relation to island distance, and endemism. The extent to which interspecific competition is
also important in structuring island communities is highly controversial (see the next chapter).
12.3.2

Co-operating research programmes

According to Gilbert (1980, p. 212), the M/W-model is distinct from the holistic traditions
in ecology in the sense that it is based on the assumption that the number of species on
islands is determined only by populational phenomena and ignores possible effects of
interspecific competition.93 Still, the model can be called a holistic model. Firstly, it is
formulated at the level of communities. It is a model of the number of species, a main feature
of the structure of communities. And although this is explained in terms of population
phenomena (immigration and extinction of species populations), the variables of the model,
immigration rate and extinction rate, are typically community variables. They cannot even
be defined sensibly at the level of species (populations). Also, the identity of the species is
left out of account (though of course in actual measurements of the number and turnover rate
of species, the identity of the species must be established). Secondly, the model emphasizes
an equilibrium in the number of species, a typical feature of holistic ecology (see 8.2.1), be
it that MacArthur and Wilson assume no deterministic regulatory mechanisms responsible for
the equilibrium, but stochastic processes.94 Thirdly, as mentioned above, the term ’area’ can
be regarded as a sort of overall, umbrella term at the level of islands as a whole, underneath
which all kinds of factors at the level of environments (biotopes), and matches between
species and environments, may be hidden. In short, the model is typically directed at islands
as wholes, and pays no attention to the component parts.
On the other hand, the more recent programmes in island biogeography, which are directed
at the ecological factors determining the number and composition of species on islands, can
be characterized as radically or moderately reductionistic, depending on whether they are
more directed at, respectively, individual species and island characteristics (such as Haila &
Järvinen 1984; see also the ’null’ programme of Simberloff c.s. discussed in the next chapter)
or interactions between species (for example Diamond 1975; Diamond & Case 1986; see the
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This is not completely true, since MacArthur and Wilson assume that competition may
reinforce the effect of decreasing population sizes with increasing species number, whence
they give the extinction curve a concave, almost exponential form.
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This is an important difference, though. Holistic ecology is generally associated with
determinism, and reductionistic ecology with probabilism (see, for example, Simberloff 1980;
Kwa 1984, 1989; see also chapters 8 and 13).
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next chapter).
It is obvious, therefore, that a link can be made between the model of idealization and
concretization and the model of co-operating research programmes. As argued in chapter 3,
idealization is more or less the same as approximation, and concretization is more or less the
same as correction, which in turn is more or less the same as approximative reduction. Thus,
the above-mentioned concretizations may also be seen as approximative reductions of the
M/W-model. The M/W-model appears then as a holistic idealization which has played an
important role as a guide programme for subsequent reductionistic programmes, and these
latter programmes, in concretizing or reducing the M/W-model, appear as reductionistic
supply programmes.
12.4

Conclusions

The developments in island biogeography with and after the introduction of the M/W-model
can be described very well in terms of the model of idealization and concretization. They can
be described also in terms of the model of co-operating research programmes. The M/Wmodel may be seen as an idealization which subsequent programmes in island biogeography
have concretized. In so doing, the model has acted as a holistic guide programme for these
latter programmes which in turn, in concretizing or reducing the model, have acted as
reductionistic supply programmes. Thus, the developments in island biogeography provide yet
another example of the co-operation of holistic and reductionistic research programmes in
ecology.
It is interesting to note, finally, that idealization and concretization are usually seen as a
programme-internal development, that is, as a development within research programmes
(Kuipers, personal communication). The present example makes clear, however, that it may
also involve relations between research programmes. It seems likely that in these cases we
are always dealing with programmes that are directed at different levels of organization, and,
hence, with programmes that are in principle subject to the co-operation relation (as against
competitive programmes which are generally directed at the same level of organization or
domain). In these cases, it is also likely that the described process of growth of knowledge
runs always from ’holistic’ idealization to ’reductionistic’ concretization. I cannot imagine
what the reverse process, reductionistic idealization and holistic concretization, would be
like.95
There is a major problem, however, with the above account. For according to the present
reduction model, a reduction is the deductive or approximative derivation of the one law or
theory by another, more general theory. That is, the model assumes that there is always one
single theory acting as the reducing theory. In the above example, however, there does not
seem to be one single reducing theory. Concretizations of the MacArthur/Wilson model
involve several factors (and hence theories specifying those factors), which, in addition to
island area and distance, may determine the number of species on islands: biotope diversity,
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This is not to say that there can be no ’reductionistic’ idealizations. All (deductive)
reductions of idealizations are themselves also idealizations. See the example of the reduction
of the Lotka/Volterra competition model to modern niche theory discussed in the preceding
chapter.
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habitat requirements of species, dispersal abilities, endemism, and interactions between
species. Though in one concrete situation (one island or one archipelago) one factor may be
predominant, and in another situation another factor, it seems that in general several of these
factors act in concert (see the next chapter for an example). In fact, this may be the general
pattern of reduction in ecology. If it is, there are two important consequences.
In the first place, with respect to the present example, it could mean that the reduction of
the MacArthur/Wilson model is not a simple approximative homogeneous iso-reduction (see
chapter 3), as presented above, but will turn out to be an example of approximative
heterogeneous micro-reduction. For many of the factors involved in the concretizations of the
model are micro-level factors (at the level of individual species and islands), as against the
macro-level of the MacArthur/Wilson model. Unfortunately, it is too early yet to try and
reconstruct the example in these terms (as the relevant research programmes are in active
development).
In the second place, and generally, the consequence would be that there are several, more
or less complementary and more or less equally important micro-theories acting together as
reducing theories. This would be devastating to the idea of unification through theory
reduction. I will return to this issue in the epilogue.
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THE INHIBITORY EFFECT OF THE HOLISM-REDUCTIONISM DISPUTE: A
CONTROVERSY IN ISLAND BIOGEOGRAPHY AND ITS SOLUTION96
13.1

Introduction

In this final chapter I will discuss an example of the inhibitory effect which the holismreductionism dispute may have on the growth of knowledge. The example concerns a
controversy in island biogeography between two of the research programmes involved in the
concretizations of the MacArthur-Wilson model discussed in the previous chapter. The one
programme, led by Jared Diamond, is moderately reductionistic but also has some radically
holistic features. It assumes that communities are integrated wholes whose structure is
determined primarily by interspecific competition. The other programme, led by Daniel
Simberloff, is radically reductionistic. It claims that the so-called ’structure’ of communities
can be explained fully in terms of random colonization, given some properties of species and
islands.
The controversy was induced by a paper by Diamond (1975a) in which he argues that
communities are stable, integrated entities whose structure results from strictly deterministic
’assembly rules’. The main factor underlying these rules, according to Diamond, is
interspecific competition. His paper was heavily criticized by Simberloff (1978) and Connor
and Simberloff (1979), who reject the whole idea of assembly rules and also question the
importance of competition. They argue that one should always first test the ’null hypothesis’
that the so-called structure of communities is completely random before turning to alternative,
biological explanations.
The controversy has lasted about ten years (a long period of time, considering the age of
ecology), appears to have bled to death rather than to have been settled97, and has produced
nothing new in the field of descriptions and explanations of community structure. Since it is
fed by conflicting, in casu holistic and reductionistic views of communities, it forms a good
example of the inhibitory effect which holism-reductionism disputes may have on the growth
of knowledge (Hagen 1989; see 8.3.3).
This raises a problem, however, for my claim that in ecology, too, holism and reductionism
should be seen as mutually dependent and co-operating research programmes rather than as
conflicting views of nature. For controversies like this one (and it is not the only one) rather
seem to point to the opposite. The problem can be solved, however, by showing that
eventually the controversy can, and in a sense has been, resolved in a way that corroborates
my claim. In order to do so, I will enter in considerable detail into the nature of the
controversy and into the factors that have played a role in its origination as well as its
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The basis for this chapter was laid by Ernst Oosterveld (1985) who first analysed the
controversy and brought it to my attention. Later, I have had many stimulating discussions
about it with both Ernst and Henny van der Windt (Looijen et al. 1993). I owe many of the
ingredients for this chapter to Ernst and Henny. However, the current presentation of the
controversy, and of its solution, is mine.
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According to Lewin (1984) the conflict is so serious that it "has split the discipline in
two so decisively that for some individuals reconciliation is un unlikely prospect". I will show
that we need not be so dramatic.
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duration. In particular, I will enter extensively into Diamond’s (1975a) original paper, because
a good insight into this paper will prove to be of crucial importance in resolving the
controversy.
13.2
13.2.1

The competition programme
The structure of communities

Underlying the controversy is one of the most intriguing but also toughest and controversial
issues in ecology, namely the question of how to explain differences in the structure of
communities. Why are there more and/or other species in the one community than in the
other?
A major school of ecologists is of the opinion that the answer to this question is to be found
in the trophic relations of species, particularly interspecific competition. A great number of
hypotheses, principles and models have been developed by this school, which go together
under the names of niche theory and competition theory (see chapter 11). The core principle
of this theory is the competitive exclusion principle: if two or more species have identical
niches they cannot coexist in the same community (but see chapter 11). With this principle
one can explain the coexistence (or displacement) of species and, hence, the structure (species
number and composition) of communities. Since especially Robert MacArthur has done much
work in extending the theory, this school is often referred to as the MacArthur school.
Diamond is a typical representative of the MacArthur school. Though originally a membrane
physiologist, he is also a respected ecologist and biogeographer. In a voluminous paper
entitled "Assembly of species communities" (Diamond 1975a), he argues that ecological
communities are stable, integrated entities whose structure is brought about by strictly
deterministic ’assembly rules’. With ’stable’ Diamond means that the species composition of
communities will persist with little change if there is no change in the physical environment,
and that the component species are able to resist invasion by new species.98 This resistance
against invasions is expressed by the assembly rules. These are constraints determining which
combinations of species can occur in a community and which combinations can’t. According
to Diamond, the major integrating factor underlying these rules is interspecific competition.
His ’working hypothesis’ states that "through diffuse competition [that is, competition
between several species], the component species of a community are selected, and coadapted
in their niches and abundances, so as to fit with each other and to resist invasion" (Diamond
1975a, p. 343).
13.2.2

Incidence functions

In order to test his hypothesis, Diamond investigated land bird communities on islands of the
Bismarck archipelago near New Guinea. This archipelago consists of approximately 50 islands
where (at the time) a total number of 141 species of non-marine breeding birds occurred. The
area of the islands varies from less than 0.1 km² to several thousand km². The number of
species per island varies from 3 to 127. Diamond obtained complete lists of which species
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This is somewhat surprising because especially Diamond has done a lot of research on
the turnover of species on islands. See chapter 12.
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occurred on which islands.
To quantify how non-randomly the species are distributed on the islands, Diamond construed
so-called ’incidence functions’, which relate for each species its probability of occurring on
an island to the total number of species on that island. Diamond grouped the islands into
classes sharing a similar total number of species (0-3, 4-6, 7-10, 11-20, etcetera) and
calculated for each species its incidence of occurrence, J, on islands in a given class. This
incidence of occurrence is the fraction of islands in a given class on which the species occurs
(varying from 0, when the species occurs on none of the islands in that class, to 1, when it
occurs on all islands in that class). He then plotted for each species its incidence of
occurrence in each class against the average total number of species in each class, S. A
species’ incidence function, J(S), is the line connecting the various points thus obtained
(figure 13).

Figure 13: Typical shape of incidence functions of a supertramp (a), a tramp (b) and a high-S
species (c) (after Diamond 1975).
On the basis of these incidence functions Diamond distinguishes three groups of species: (1)
a group of 52 so-called ’high-S’ species, which are exclusively confined to the most speciesrich islands (S > 81); (2) a group of 13 so-called ’supertramps’, which are exclusively
confined to islands with low numbers of species (S < 16); and (3) a group of ’tramps’, which
occur mostly on species-rich islands but to a lesser extent also on species-poor islands.99
It is important to note that, according to Diamond, the form of the incidence functions
depends largely on the properties of each species, such as its dispersal ability, biotope100
preference, minimum territory requirement, resource requirements and size of population

99

Within the group of tramps, Diamond makes a further distinction between A-, B-, Cand D-tramps, but this is of no particular interest to this chapter.
100

As so many, Diamond uses the term ’habitat’ instead of ’biotope’.
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fluctuations, and on island characteristics meeting these abilities, preferences and
requirements. There is a strong influence of island area: larger islands generally contain more
biotopes, larger food supplies, and they sooner meet the minimum territory requirements of
species. Smaller islands are often also more isolated islands, moreover, and hence less easy
to reach for species with low dispersal abilities. In addition, every species has a certain
chance of becoming locally extinct due to stochastic fluctuations in the number of births and
deaths, and this chance is the higher the smaller an island (see chapter 12). Therefore,
according to Diamond, the incidence functions are largely a reflection of the species-area
relation: the islands vary strongly in area and the larger an island, the higher the number of
species it contains. This means that the S-classes may actually be regarded as area-classes and
that the incidence functions largely reflect the fact that the chance of finding a species on an
island increases with island area.
However, if area were the sole determinant of a species’ incidence of occurrence, one would
expect each species to have roughly the same incidence function, namely a monotonously
increasing line from the origin to the maximum value of 1. For the average chance of a
species occurring on an island would then be equal to the total number of species on an island
(being determined by island area) divided by the total number of species in the archipelago.
This chance is almost 0 on the smallest islands containing only a few species, and increases
to almost 1 on the largest islands containing almost all species of the archipelago. This pattern
holds grosso modo for the incidence functions of the tramps and to a large extent also for the
incidence functions of high-S species, but there are two large deviations: (1) the total absence
of high-S species on small islands; and (2) the total absence of supertramps on large islands.
The former deviation is explained by Diamond through the fact that many high-S species
are confined to rare biotopes (fresh water, marsh, grassland, and high mountains) which occur
only on the larger islands. Other high-S species require a large feeding territory which they
find only on large islands. In addition, many high-S species have relatively low dispersal
abilities and are unable, therefore, to reach the smaller, more isolated islands. Finally, high-S
species generally have low reproductive rates and are therefore particularly apt at becoming
extinct on small islands.
The latter two factors allow Diamond at the same time to explain why supertramps do occur
especially on small islands. All supertramp species are good dispersers and although they too
face the chance of becoming extinct on small islands, they are able to recolonize them faster
and more frequently than other (high-S) species. Moreover, supertramps have high
reproductive rates and therefore are able to spread so fast and become so abundant by the
time that other species arrive that there is simply no place left for the latter.
The only thing that Diamond cannot explain in terms of properties of species and island
characteristics is the complete absence of supertramps on large, species rich islands.
Supertramps are easily capable of reaching all islands in the archipelago, and all islands
contain suitable biotopes. The explanation can neither be found in predation or competitive
exclusion by other species than birds, because both predators and competitors in the form of
mammals and reptiles are at least as abundant on small islands as they are on large islands.
According to Diamond, the explanation must be competitive exclusion by other bird species.
13.2.3

Assembly rules

Diamond formulates the same problem - the absence of supertramps on large islands - in
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another way by noting that the properties of individual species and islands are insufficient to
explain the specific composition of the bird communities on the islands. According to him,
it is more exclusive than one would expect on the grounds of the species’ incidence functions
alone: on every island only certain combinations of species occur while others, which could
occur if one looks at the incidence functions of the relevant species, don’t. Diamond points
in particular to so-called checkerboard patterns in the distributions of two species (of which
in each case one is a supertramp), where each island contains either the one species or the
other, but never both (and sometimes neither of them). He notes that each of these cases
pertains to ecologically closely related species which exploit the same resources and have
similar resource exploitation strategies. According to Diamond, these species cannot co-occur
on an island: the one (the supertramp) is competitively excluded by the other.
Diamond faces the problem, however, that there are also islands containing neither of the
species in such an exclusive species pair, so that the distribution of the one species cannot
be fully explained in terms of competitive exclusion by the other. He solves this problem by
noting that these islands do contain other combinations of ecologically related species. Such
groups of ecologically related species are called guilds (Root 1967). In order to show the
importance of competition, Diamond restricts his further analysis to four such guilds.
He calculates for all possible combinations of species in a guild the chance of a combination
occurring on an island in a given S-class by multiplying the individual chances of the species
of that combination occurring on an island in that S-class. These individual chances follow
from the species’ incidence functions. Next he determines all existing combinations of species
on the islands and he compares for each combination its frequency of occurrence on islands
in a given S-class with the expected chance of its occurrence on islands in that class. It
appears then that some combinations occur less often than expected and this fact is recorded
by Diamond in the form of seven rules, or constraints, which according to him govern the
assembly of communities.101 These ’assembly rules’ are:
A. If one considers all the combinations that can be formed from a group of related species,
only certain ones of these combinations exist in nature.
B. Permissible combinations resist invaders that would transform them into forbidden
combinations.
C. A combination that is stable on a large or species-rich island may be unstable on a small
or species-poor island.
D. On a small or species-poor island, a combination may resist invaders that would be
incorporated on a larger or more species-rich island.
E. Some pairs of species never coexist, either by themselves or as a part of a larger
combination.
F. Some pairs of species that form an unstable combination by themselves, may form part of
a larger stable combination.
G. Conversely, some combinations that are composed entirely of stable sub-combinations are
themselves unstable.

101

Diamond starts by formulating so-called incidence rules, compatibility rules and
combination rules, and he unites these rules in his assembly rules. The distinctions are of no
further importance.
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13.2.4

Diffuse competition

According to Diamond, combinations that do not occur (and these are always combinations
with a supertramp) are combinations of species that competitively exclude each other. This
forces him, however, to appeal to the rather vague concept of ’diffuse competition’, that is,
competition between several species. Diamond himself admits the weakness of this concept:
"The power of this concept is that, in principle, it can explain anything. Its heuristic weakness
is that, if it is important at all, its operation is likely to be so complicated that its existence
becomes difficult to establish and impossible to refute" (Diamond 1975a, p. 348). This is
indeed the problem. It is difficult enough to prove the competitive exclusion of one species
by another, let alone the exclusion of one species by a combination of others. The mechanism
that Diamond assumes is that combinations of high-S species on large islands reduce the
existing resources to levels which allow themselves to maintain stable populations but which
are too low for supertramps. To be able to show this, one needs to have data on both the
production of resources and their consumption by each species, as well as knowledge of each
species’ minimum resource requirements. Diamond has data only of each species’ diet.
Diamond does provide some arguments that lend his theory some plausibility. One of these
arguments is based on the theory of r- and K-selection (see 11.3.5). According to Diamond,
supertramps represent the extreme of r-selected species, that is, species with a high
reproductive rate (r, a population’s intrinsic growth rate). These are often species of instable
biotopes, which keep their population size well below the carrying capacity of the biotope,
reproduce themselves quickly and disperse easily. This investment in reproduction and
dispersal comes at the expense, however, of efficiency of resource use and hence competitive
ability. r-Selected species are mostly generalists, with a broad biotope preference and food
choice. So are supertramps: they have high reproductive potential, breed fast, disperse widely,
squander resources and thereby tolerate anything and specialize in nothing. High-S species,
on the other hand, are K-selected food specialists. K-selected species are mostly species of
relatively stable biotopes, which keep their population size at or near the carrying capacity
(K) of the biotope and invest more in harvesting efficiency than in reproduction and dispersal.
Therefore, according to Diamond, each of the high-S species in a combination is more
efficient in exploiting some fraction of the resources, which a supertramp could potentially
exploit, than this supertramp itself, so that the latter would have no chance of settling or
maintaining itself in their midst.
This explanation sounds plausible and Diamond is able to make it more plausible by
dismissing alternatives (predation, competitive exclusion by non-bird species, and chance).
In addition, he points to changes in the incidence functions of species as a function
(supposedly) of the number of competitors in an archipelago: some species that are
supertramps in the Bismarck archipelago, where they meet many competitors, are tramps (that
is, occur also on large or species-rich islands) in the Solomon archipelago and on the New
Hebrides, where far less competitors occur (see also Diamond 1982). This, too, lends some
credibility to his theory, but constitutes no proof.
A final argument provided by Diamond in favour of his theory is that there are shifts in the
niches of supertramps as a (supposed) result of the presence of competitors. In my view,
however, this is a somewhat unfortunate argument, because though niche-shifts may be seen
as indications of competition, they rather have the effect of reducing the intensity of
competition and allowing species to coexist instead of one of them being excluded.
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13.3
13.3.1

The ’null’ programme
The ghost of competition past and naive falsificationism

Shortly summarizing, Diamond concluded from patterns in the distribution of species that
these patterns were caused by competition, without, however, producing independent evidence
for this theory. For this reason, his paper has been heavily criticized by Daniel Simberloff and
his colleagues (Simberloff 1978; Connor & Simberloff 1979; Strong et al. 1979). These critics
reject the appeal to what Connell (1980) aptly called ’the ghost of competition past’ (current
patterns would have been caused by competition in the past). They also criticize Diamond’s
assembly rules.
The strategy of these critics is remarkable. They notice that "although many imaginative
theories have been invented to propose how competition could structure multi-species nature,
such theories have rarely been treated as alternative hypotheses and, thus, have not been
tested critically. Instead, research is often directed at finding particular circumstances that are
consistent with competition theory, while ignoring contradictory evidence. (...) This trend, of
course, is counter to the traditions of modern science, which has made much progress by
attempting to disprove universal hypotheses such as competition" (Strong et al. 1979, p. 909).
They argue that competition theory has rarely if ever been critically tested against the ’null
hypothesis’ that community structure is apparently ’random’, by which they mean: is the
result of stochastic colonization, given the properties of individual species and islands.
According to Simberloff c.s., one must always first test this null hypothesis before turning to
deterministic forces such as competition. They justify this strategy by appealing to Popper’s
naive falsificationism: "As Popper (1963) points out, it is easy to find confirmatory evidence
for most reasonable hypotheses, but science progresses by a different route: by posing testable
hypotheses and then attempting to falsify them" (Connor & Simberloff 1979, p. 1138).
The anti-competitionists, as they have come to be called, also claim that their null
hypothesis is the simplest hypothesis, because it assumes no deterministic biological forces,
and therefore is logically favourite over other hypotheses: "However, we propose another
possibility with logical primacy over other hypotheses, that other hypotheses must be tested
against (..). This is the null hypothesis that community characteristics are apparently random"
(Strong et al. 1979, p. 910)
13.3.2

The null hypothesis: random matrices

Simberloff (1978) starts by raising some moderate objections against Diamond (1975a). He
notes that the method Diamond used to construct his assembly rules fails in at least two
respects. Firstly, Diamond provides no confidence limits so that one cannot assess the
significance of failure of a particular species’ combination to exist on an island. Secondly,
there are probably so few islands in each S-class that the non-existence of certain species
pairs on some islands need not be surprising at all, a problem which is exacerbated for
combinations of many species. "In sum, until an avifauna is actually assembled by these rules,
one is left with the uneasy feeling that the rules lack predictive power, in that all the data are
required before any prediction can be made" (Simberloff 1978, p. 723). In short, argues
Simberloff, we should first test whether the species are not distributed randomly on the
islands before concluding to such deterministic forces as competition.

217

Chapter 13
He performs such a test with one of his colleagues, Edward Connor (Connor & Simberloff
1979). Connor and Simberloff’s (1979) critique on Diamond (1975a) becomes much more
fierce. They argue that three of Diamond’s assembly rules are tautologies, that one cannot be
tested, and that the remaining three are in perfect agreement with the null hypothesis that the
species composition on islands is the result of random colonization.
Since Connor and Simberloff had no access to the Bismarck data set (which has never been
published), they used data on bird species in the New Hebrides and on bird and bat species
in the West Indies. They perform computer simulations of random colonization of the islands
by species. Their procedure consists of the construction of presence/absence matrices, where
the matrix rows represent species and the matrix columns represent islands, and where the
elements 0 and 1 stand for the absence and presence, respectively, of a species on an island.
According to the Monte Carlo procedure (random drawing with replacement), they randomly
draw species from the species pool and place them on randomly chosen islands until the
matrix is ’full’. The point where the matrix is considered full is determined by three
constraints: (1) the number of species per island (the marginal sum of rows) is constant for
each island and equal to the empirical number in the data set; (2) the number of islands per
species (the marginal sum of columns) is constant for each species and equal to the empirical
number; and (3) the fraction of islands with a particular number of species (that is, islands
in a particular S-class) on which a species occurs, is constant for each species and equal to
the empirical number. The third constraint means that Diamond’s incidence functions are
maintained.
These constraints serve to make the null hypothesis biologically realistic: it would be
biologically absurd not to take account of differences in species richness between islands as
a result of differences in area, and of differences between species in dispersal and colonization
abilities.
Connor and Simberloff repeat their procedure ten times for each data set, and then they
count in each matrix the number of pairs and trios of species occurring on 0 islands, 1 island,
2 islands, etcetera. They use X²-tests to compare the simulated values with the empirical
values.
In the case of the New Hebrides birds there appear to be no significant differences between
the simulated and the empirical values, and thus there is no reason to reject the null
hypothesis. Things are different, however, for the birds and bats in the West Indies. In both
cases the empirical values deviate significantly from the simulated values. Nevertheless, and
amazingly in view of their purported falsificationism, Connor and Simberloff do not reject
the null hypothesis. Instead they claim that there would also be many exclusive species pairs
and trios had the species been distributed randomly, subject only to the above constraints.
With this ’result’ they attack Diamond’s assembly rules.
As a matter of fact, they note, three of these rules, rules A, E and G, say nothing more than
that only some of all possible combinations of species actually occur in nature. According to
Connor and Simberloff, this is in full agreement with their null hypothesis. Since there are
innumerably many possible combinations, the chances of some combinations not actually
being found on some islands are high. In no way does it follow that these combinations are
’forbidden’ by competition.
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13.3.3

Tautologies

Things are even worse with the other rules. According to Connor and Simberloff, rule F is
untestable and rules B, C and D are tautologies. Rule B, for example, states that "Permissable
combinations resist invaders that would transform them into forbidden combinations".
Diamond defines a permissable combination as combination that exists and a forbidden
combination as a combination that doesn’t exist. He further believes that interspecific
competition is the deterministic explanation for these existing or non-existing combinations.
It follows that he believes that permissable combinations actively resist their transformation
into forbidden combinations. According to Connor and Simberloff, however, it follows from
their test that the distributional patterns in themselves require no explanation in terms of
active resistance "unless one begins with the assumption that a distributional gap must be
explained by active resistance, in which case we have a tautology and why bother with the
exercise of producing evidence?" (Connor & Simberloff 1979, p. 1136).
The same applies to rule C: "A combination that is stable on a large or species-rich island
may be unstable on a small or species-poor island". Since Diamond uses the number of
species as an operational definition of island area, the words ’large’ and ’small’ may be left
out. Furthermore, the terms ’stable’ and ’unstable’ are nowhere defined. They are probably
used as synonyms for ’permissable’ and ’forbidden’, respectively, and these terms are, if one
doesn’t start from the assumption of competitive exclusion, synonymous for ’existing’ and
’non-existing’. So rule C becomes: "A combination which is found on species-rich islands
may not be found on species-poor islands". However, every species-rich island will contain
far more combinations of species than a species-poor island. Thus, according to Connor and
Simberloff, rule C is a trivial consequence of the definitions of ’rich’ and ’poor’ and the most
elementary laws of arithmetics.
With respect to rule D, "On a small or species-poor island, a combination may resist
invaders that would be incorporated on a large or species-rich island", Connor and Simberloff
note that it seems to be a combination of rules B and C and therefore both a tautology (since
active resistance must be assumed if active resistance is to be proved) and a direct
consequence of the definitions of ’rich’ and ’poor’.
Rule F, finally, "Some pairs of species that form an unstable combination by themselves,
may form part of a larger stable combination", is untestable in the view of Connor and
Simberloff, because there are no islands in the Bismarck archipelago, the New Hebrides or
the West Indies that contain only two species, while there is only one island in the Bismarck
archipelago containing three species. Hence, there is no way of knowing whether there are
two species, A and B, that would form an unstable pair when occurring together with no other
species. Whenever A and B co-occur, they do so in combination with one or more other
species C. By its mere existence, the resulting larger combination, ABC, will be defined as
stable. So rule F boils down to: "Some pairs of species which are not found alone (..) are
found together with other species". Or should it be: "Every pair of species which is found at
all is found with other species". To which Connor and Simberloff add sarcastically: "and what
has this to do with competition?" (Connor & Simberloff 1979, p. 1138).
Connor and Simberloff end up by stating that "all this is not to say that species are
randomly distributed on islands, or that interspecific competition does not occur. Rather,
statistical tests of properly posed null hypotheses will not easily detect such competition, since
it must be embedded in a mass of not-competitively produced distributional data" (Connor &
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Simberloff 1979, p. 1138). In order to prove competitive exclusion, they assert, one needs
observations of active replacement of one species by another, experiment, or very detailed
autecological study.
13.4
13.4.1

Reply
Obsolete philosophy

Of course, a reply could not stay out. In two papers written with a colleague, Michael Gilpin,
Diamond counter-attacks his critics. Diamond and Gilpin (1982) criticize Connor and
Simberloff’s null model. Gilpin and Diamond (1982) formulate an alternative, and in their
view better, null model in order once more to show the importance of interspecific
competition. They get support from other ecologists.
To start with, Diamond and Gilpin do not at all agree with the claims of Simberloff c.s that
their null hypothesis is the most parsimonious hypothesis and has logical primacy over other
hypotheses: "we disagree with these dogmas, and (..) we view the parsimonious null
hypothesis of Connor and Simberloff as nothing more than one of many possible competing
hypotheses, one that is implausible, unparsimonious, and definitely not null with respect to
competition" (Diamond & Gilpin 1982, p. 64; see also Grant & Abbott 1980; Wright & Biehl
1982; Harvey et al. 1983; Quinn & Dunham 1983; Roughgarden 1983).
Popperian falsificationism is also fired at, as it "represents a particular view of science
stemming from the logical positivism of the 1920’s [..which..] took it on faith that philosophy
could prescribe rather than describe how science proceeded, and that certain formal
procedures (such as construction of null hypotheses) could be specified as essential for
success in science as in logic. Many philosophers today consider this faith a delusion, make
little reference to progress by falsification, and have pluralistic views of how science
operates" (Diamond & Gilpin 1982, p. 74).
It may be noted at the outset that this criticism is partially accepted by Simberloff: "I even
agree with Roughgarden and with Quinn and Dunham that we were incorrect to suggest
(Strong et al. 1979) that the hypothesis of no population interactions has "logical primacy"
as a null hypothesis" (Simberloff 1983, p. 629; see also Connor & Simberloff 1983, 1986).
Meanwhile, he has also been converted to Lakatos’ refined falsificationism (see Simberloff
1983).
13.4.2

Restriction to guilds

Diamond and Gilpin (1982) point to a number of ’flaws’ in the procedure of Connor and
Simberloff. The most important one is that their analysis was performed using entire species
sets, whereas it should have been restricted to guilds. It is senseless to search for effects of
competition in all pairwise interactions between species in an avifauna, because competition
can be expected to occur only between members of the same guild, that is, between
ecologically related species utilizing the same resources. It is senseless, for instance, to
compare owls with hummingbirds, or ducks with warblers. If one does so, he buries
distributions influenced by competition in an overwhelming mass of irrelevant data (Diamond
& Gilpin 1982, p. 66; see also Grant & Abbott 1980; Alatalo 1982; Bowers & Brown 1982;
Wright & Biehl 1982; Harvey et al. 1983; Quinn & Dunham 1983; May 1984). Notice that
Connor and Simberloff said exactly the same thing, though with a different intention (see the
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last quote in 13.3.3; see also Connor & Simberloff 1983, p. 457).
13.4.3

Hidden structure

A second flaw, according to Diamond and Gilpin, is hidden in the constraints which Connor
and Simberloff used. Both the number of species per island (constraint 1) and the number of
islands per species (constraint 2) and the incidence functions of species (constraint 3: the
fraction of islands in a certain S-class on which a species occurs) may be influenced by
competition. Thus, Connor and Simberloff’s alleged ’null’ model may contain all kinds of
’hidden structure’ (see also Diamond 1982; Harvey et al. 1983; Quinn & Dunham 1983;
Colwell & Winkler 1984; May 1984).102
A third, related point of criticism is that the constraints used by Connor and Simberloff are
so strong that there is little chance at all for the simulated distributions to deviate from the
empirical ones. According to Diamond and Gilpin, Connor and Simberloff actually do little
more than renaming islands and species, making their test empty (see also Grant & Abbott
1980). This holds especially for the checkerboard patterns. Though the probability of such a
pattern occurring by chance is practically nihil, the method of Connor and Simberloff is
unable to detect it as different from random distributions. Moreover, according to Diamond
and Gilpin, Connor and Simberloff used too weak a statistical test, whence the chance of
making a type II error (unjustly not rejecting the null hypothesis) is high (see also Toft &
Shea 1983).
These points of criticism all relate to the method used by Connor and Simberloff, and hence
to their criticism of Diamond’s assembly rules A, E and G. Remarkably, Diamond and Gilpin
hardly respond to Connor and Simberloff’s criticism that rules B, C and D are tautologies,
since Diamond provides no independent evidence of active resistance. In fact, the only thing
they do is repeat Diamond’s (1975a) ’evidence’. As to the criticism of rule F, that there are
no islands with only two species and that therefore this rule is untestable, Diamond and Gilpin
state that Diamond (1975a) had repeatedly made clear that his assembly rules pertained to
guilds and not to entire avifaunas. Many islands in the Bismarck archipelago, as well as in
the New Hebrides, contains two species of a guild.
13.4.4

An alternative null model

In spite of their criticism, Gilpin and Diamond (1982) take over Connor and Simberloff’s
method, be it that they don’t use computer simulations but an analytic method to generate
random matrices. They directly calculate the expected chance of a species occurring on an
island, given that there are m species and n islands, that every species occurs on a fixed
number of islands and that every island contains a fixed number of species. Thus, they retain
Connor and Simberloff’s constraints 1 and 2. Initially, they leave constraint 3 (the incidence
functions) out. However, to show that this constraint may contain effects of competition, they
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This is the reason why Connor and Simberloff’s ’null’ hypothesis is not a proper null
hypothesis and has no logical primacy. A null hypothesis and an alternative hypothesis should
be mutually exclusive and jointly exhaustive. Neither is the case with Connor and
Simberloff’s hypothesis and Diamond’s (see also Sloep 1986, 1993).
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later add it to their test. Next, they calculate for each possible species pair the expected
number of shared islands. By assuming that these expected numbers are normally distributed,
they can express the difference between the expected number and the empirical number of
shared islands in terms of the standard deviation from the expected number. For ’random’
communities this standard deviation is itself normally distributed, with mean 0 and standard
deviation 1. Gilpin and Diamond use a X²-test to compare the empirical distribution of
standard deviations with this normal distribution.
In all cases (Bismarck, New Hebrides and West Indies), there appears to be a significant
difference between the empirical and the expected distribution. When adding constraint 3, the
difference appears to be smaller - which Gilpin and Diamond take to indicate effects of
competition - but is still significant. Strikingly, however, most deviations occur in a direction
opposite to what one would expect had the species’ distributions been affected by
competition, namely in the direction of positive associations of species. According to Gilpin
and Diamond, the explanation for these positive associations lies in the shared biotope
preferences, geographical origins and distributional strategies of species, and in a number of
single-island endemics.103 They explain part of the (much smaller) number of negative
associations in the opposite way, in terms of differences in geographical origin, dispersal
strategies and biotope preference of species, and the remaining part in terms of, of course,
competitive exclusion.
13.5
13.5.1

Rethorics
The guild that doesn’t take stones into the gizzard

In an attempt at reconciliation, both parties to the controversy met at a conference organized
by colleagues of Connor and Simberloff at the Florida State University, which was especially
devoted to the role of competition and the testing of null hypotheses in ecology. The volume
of contributions to this conference (Strong et al. 1984) contains a shortened version of the two
papers by Diamond and Gilpin (Gilpin & Diamond 1984a), a reaction by Connor and
Simberloff (1984a), followed by two ’rejoinders’ (Gilpin & Diamond 1984b; Connor &
Simberloff 1984b). Far from reconciliation, however, the parties apparently seem to drift ever
more apart. Though the volume to the conference is entitled "Ecological communities:
conceptual issues and evidence", the contributions by Diamond c.s. and Simberloff c.s. hardly
deal with conceptual or empirical issues any more. The controversy becomes increasingly
focused on who has the best null model. The dispute thereby becomes on the one side ever
more technical and on the other side ever more fierce and rethorical, while conceptually or
theoretically the standpoints remain essentially unchanged. For this reason, I will omit a
discussion of the further course of the controversy. The only issue of interest is a discussion
about the restriction to guilds.
Connor and Simberloff (1984a) complain that Gilpin and Diamond (1984a) have changed
the original argument of Diamond (1975a). Of course one may reasonably expect competition
to occur only between ecologically related species but Diamond’s assembly rules said nothing
about restriction to guilds. They further notice that confining the analysis to guilds is no easy
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Endemics are species that have evolved on an island and, because of isolation, are
found nowhere else. See also chapter 12.
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matter, as it requires detailed data on resource use by all species in a community. They notice
that "no one has yet been able to analyze all the guilds in a community, and at present we
can deal only with a few guilds making up part of a whole community (Krebs, 1978)"
(Connor & Simberloff 1984a, p. 319). According to Connor and Simberloff, for no guild, let
alone for the entire avian community, have Gilpin and Diamond provided data to justify guild
boundaries. The reply and counter-reply to this are typical of the tone which the dispute has
by now received:
"The quote from Diamond (1975) omitted the word "guild" because Diamond (1975)
had repeatedly made explicit (..) that his analysis was confined to guilds (..). Diamond
considered it unnecessary to belabor this point in every possible quote about assembly
rules, because it was not appreciated that anyone would be so silly as to search for
effects of competition in all pairwise species combinations of a fauna (..). We did not
waist the entire length allotment of our paper to defining guilds and listing species
because Diamond (1975) had already done so for each guild discussed, based on the
technical literature on New Guinea birds. For example: "All [species of the fruitpigeon guild] are ecologically similar in being arboreal, living in the crowns rather
than in the middle story, being exclusively frugivorous, not taking stones into the
gizzard, and hence restricted to eating soft fruits that can be crushed against the
gizzard wall" (Diamond 1975, p. 406); species listed on pp. 407 and 408 (..);
utilization functions presented on pp. 407 and 428-433; extensive dietary data
published by Crome (1975) and others" (Gilpin & Diamond 1984b, p. 334-335).
Connor and Simberloff respond to this by stating that:
"Diamond (1975) cites no technical literature to justify the guild assignment on pp.
406-411, where the [fruit-pigeon] guild is defined, or anywhere else. Crome (1975)
is not cited, nor is Crome acknowledged. Crome (1975) discusses only fruit-pigeons,
so it is impossible based on Crome (1975) to say that the eighteen listed species
constitute the guild of exclusively frugivorous arboreal species that do not take stones
into the gizzard" (Connor & Simberloff 1984b, p. 342).
In addition, Connor and Simberloff keep hammering at the fact that even if one were able to
delineate all guilds in a community, and even if one would find exclusive distributional
patterns of species within guilds, he could still derive nothing from these patterns themselves
about possible causes. They repeat that Gilpin and Diamond have provided no independent
evidence for a role of competition, nor for their claim that their (Connor and Simberloff’s)
null hypothesis would contain ’hidden structure’. Gilpin and Diamond (1984b) repeat that this
evidence is provided by Diamond (1975a).
13.5.2

Degenerate matrices and overweight people

Finally, there is an interesting exchange over Diamond and Gilpin’s claim that Connor and
Simberloff’s method is unable to detect checkerboard patterns as non-random. Connor and
Simberloff (1984a) state that the only example of a perfect checkerboard provided by
Diamond and Gilpin (1984a), that of two species each exclusively occurring on four of eight
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possible islands (see figure 14), points to
non-random colonization only when viewed
alone without fixed column sums (constraint
2). The probability of this pattern occurring
by chance alone is indeed, as asserted by
Diamond and Gilpin, almost nihil. However,
Figure 14: Example of a perfect checkerboard when degenerate matrices (that is, matrices
that cannot be changed if all columns sums are in which species or islands have
’disappeared’ because their row or column
to be equal to 1.
sums, respectively, are zero) are not
allowed, its probability becomes 1, because
then there is only one matrix (apart from shuffling rows and columns) possible. Of course,
this is the one depicted by Diamond and Gilpin. It is no wonder, say Connor and Simberloff,
that their procedure failed to recognize such a pattern as non-random, since they indeed ignore
degenerate matrices. Furthermore, they reason, consider two 20 by 20 matrices, both perfect
checkerboards, the first such each species occurs on ten islands, each island contains ten
species and there are ten exclusive pairs, and the second with the same marginal totals as the
first but with a hundred exclusive pairs. Clearly, the first matrix has a very low number of
exclusive pairs relative to the possible number that might obtain, and its pattern is exactly
opposite to what one might expect if competition were important. Therefore,
"checkerboardness per se need not imply competitive exclusion, and it is not a virtue if an
algorithm automatically finds any checkerboard to be improbable" (Connor & Simberloff
1984a, p. 323). If one wants to know what is the probability of ten exclusive species pairs in
a random 20 by 20 matrix, given that all row and column sums are equal to ten, one would
have to calculate how many different matrices there are with 0, 1, 2, etcetera exclusive pairs.
Since Diamond and Gilpin have not done so, they cannot say how likely it is for the first
checkerboard to occur by chance alone. Consequently, they have no grounds for saying that
Connor and Simberloff’s procedure is unable to recognize this matrix as non-random (though
in fact, they note, their test does recognize this matrix as unusual).
The arguments are of no help, however. Gilpin and Diamond think they have found a
perfect analogy to Connor and Simberloff’s reasoning: "The man in figure 1 weighs 484 lbs.,
but we have found a man whom we show in figure 2 and who weighs 740 lbs. Clearly the
man in figure 1 has a very low weight relative to the possible weight a man might have. So
.. it is not a virtue if your algorithm automatically identifies the man in figure 1 as
overweight" (Gilpin & Diamond 1984b, footnote on p. 336). In addition, they accuse Connor
and Simberloff of attempting to hide the weakness of their test by introducing the term
"degenerate matrices", with its mathematically and morally pejorative connotations. They state
that there is nothing immoral to degenerate matrices, however, thereby giving Connor and
Simberloff a shot at an empty goal. After the latter have lamented: "We are beginning to feel
like Br’er Rabbit enmeshed in the Tar Baby: Each of our attempts to elucidate the statistics
of species combinations on islands seems only to elicit a mass of obfuscatory goo" (Connor
& Simberloff 1984b, p. 341), they end the discussion with the words
"Lest this exchange degenerate further (..), we state that "degenerate" has no pejorative
connotations when assigned to matrices (..) and is used in matrix algebra (..) without
connoting moral or mathematical turpitude. We felt it was apparent that non-existent
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species (..) and empty islands (..) could tell us nothing about forces constraining
species co-existence, so that matrix rows or columns representing such species or
islands should be omitted. (..) In any event, no statistical statement can be made about
matrices or overweight people without some notion of the nature of the universe. An
extra-terrestrial who saw but two humans would have no way of knowing whether a
484 lbs. man is heavy or light " (Connor & Simberloff 1984b, p. 342-343).
13.6
13.6.1

The great misunderstanding
Results of the controversy

The fierce and increasingly rethorical tone of the dispute may lead one to suspect that the
controversy has lasted on all points. They obscure, however, that on major issues a reasonable
degree of agreement has been reached.
This concerns first of all to the method of testing null hypotheses. Although disagreement
remains as to the exact way in which null models are to be formulated, the method in itself
is accepted and applied by Diamond c.s. On the other side, Simberloff c.s. admit that their
null hypothesis is not a proper null hypothesis in the statistical sense and, hence, has no
logical primacy over other hypotheses. Other ecologists who have become involved in the
controversy also agree that the testing of null hypotheses is in principle a useful method, but
that formulating a proper null model is no easy matter (see Wright & Biehl 1982; Harvey et
al. 1983; Quinn & Dunham 1983; May 1984).
After, and probably because, agreement has been reached on the level of method, the parties
also come to agree on the level of (cognitive) content. On the one side, Simberloff c.s. are
forced to admit that the species composition of communities as a whole deviates considerably
from random. They admit in particular that in the cases of the West Indies birds and bats their
null hypothesis must be rejected (Connor & Simberloff 1984a). On the other side, Diamond
c.s. admit that only a small fraction of the deviations may or need be attributed to
competition. In fact, the only points of dispute remaining in 1984 are the evidence for
competition in these cases, and some technical details concerning null models. As far as I
know, the final contribution to the controversy is a paper by Connor and Simberloff from
1986. This paper is a summary review of the controversy (and others; see below) and, apart
from a further discussion of the statistics of null hypotheses, adds nothing to their points of
view in 1984.
13.6.2

The domain of competition theory

When we look at the origin of the controversy in the light of its outcomes, the first thing
appearing is an enormous misunderstanding of what competition theory is supposed to
explain. As I have shown, Diamond (1975a) could explain the larger part of the incidence
functions in terms of properties of individual species and islands. In only 13 of the 141 cases
- the supertramps - did he appeal to competition theory. On the other hand, he larded his
entire paper with claims about the unique interest of competition in structuring whole
communities. And though on the one hand he clearly indicates that his assembly rules pertain
only to guilds, on the other hand he strongly suggests that they are important for communities
as a whole. This is also evident from the title of his paper: "Assembly of Species
Communities". The extravagance of these claims is out of all proportion to the moderate
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content of the rest of his paper. It is also out of proportion to the domain of the competition
theory he so fervently defends. This theory pertains only to ecologically related species
exploiting the same resources. Mostly, by far not all species in a community are competitors,
especially not in bird communities, and it is absurd to suggest that competition could be
responsible for the whole structure of communities.104
It is the extravagant claims of Diamond that give rise to the misunderstanding of Simberloff
c.s. that the assembly rules apply to all species in a community, and that competition is
supposed to explain the whole structure of communities. The larger part of the controversy
is devoted to the removal of this misunderstanding. The turning point comes when Diamond
and Gilpin (1982) reproach Connor and Simberloff (1979) of having performed their analysis
on whole species sets, whereas it should have been restricted to guilds. The agreement on this
point is further reinforced when Gilpin and Diamond’s test also shows that merely a few of
the deviations from the random distribution are negative associations of species. That
problems remain in the field of delineating guilds and evidence for competition does not
detract from this agreement.
13.6.3

Holism and reductionism

This explanation leads to the question, however, what moved Diamond (1975a) to make such
extravagant claims. The answer to this question is enclosed in the nature of these claims. As
we have seen (13.2.2), Diamond is of the opinion that communities are stable, integrated
entities whose structure cannot be explained fully in terms of the properties of their
component species: "do the properties of each species considered individually tell us most of
what we need to know in order to predict how communities are assembled from the species
pool? (..) the answer is "No"." (Diamond 1975a, p. 385-386). In other words, the whole is
more than the sum of its parts. Diamond’s holistic view of communities appears also from
his approval of a claim by Levins (1975) that "the course of natural selection in a particular
species may not be comprehensible without reference to the whole matrix of community
interactions" (Diamond 1975a, p. 385).
It is this holistic as well as his deterministic view of communities that brings Diamond to
the formulation of assembly rules. He interprets the fact that certain combinations of species
occur less often than expected as if these combinations are ’forbidden’, and ’forbidden’ means
’excluded by competition’. He calls existing combinations ’permitted’, and ’permitted’
combinations are ’stable’, that is, ’resistant against invasions by competitors’. His other
explanations of the incidence functions are also largely based on deterministic factors (island
area, biotope diversity, food supplies), and he sees only a small role for chance processes in
colonization on a first-come-first-served basis and in the increased extinction chances of small
populations.
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To this may be added that competitive exclusion is only one of the possible outcomes
of competition, and one that is expected to occur only in extreme conditions. Most often, the
effects of competition are far less severe, and competitors may well be able to coexist. See
chapter 11.
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Simberloff, on the other hand, is an outspoken reductionist and probabilist. His suggestively
entitled paper, "A succession of paradigms in ecology"105 (Simberloff 1980), is one long
tirade against what he (not always adequately; see Grene 1980) calls holism, idealism106 and
essentialism in ecology, and a defense of reductionism, materialism and probabilism. In his
view, communities are nothing but random assemblages of species, the product of stochastic
colonization and population dynamic characteristics of species (Simberloff 1978, 1980).
To this should be added that the controversy between Diamond c.s. and Simberloff c.s. is
not an isolated dispute, in which case it could be seen as relatively insignificant, but forms
part of a much broader controversy about the role of competition in ecology.107 Simberloff
and his colleagues are involved in a true crusade against what in their view are unjust or
premature applications of competition theory. Beside the controversy over Diamond’s
assembly rules, there are specific controversies about the number of species on islands108,
the species composition of island communities109, the species/genus ratio on islands110,
and the phenomenon of character displacement on islands111. In all these cases, the strategy
of Simberloff c.s. is the same: one should always first test the null hypothesis that the
phenomena to be explained are not the result of chance processes, given the population
dynamic characteristics of species, and only when and after this hypothesis has been rejected
look for alternative, biological explanations. In 1986, Connor and Simberloff explain once
more what they mean: "a null hypothesis is one that posits no effects, a conjecture that
nothing in the data at hand (..) would lead one to propose an explanation other than chance
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Succession is the term ecologists use for particular forms of development of
communities and ecosystems, involving the replacement of one set of species by another. The
"succession of paradigms in ecology" as depicted by Simberloff is the analogous replacement
of holistic succession theories, such as Clements’s (1916, 1936), by reductionistic ones, such
as Gleason’s (1939, 1962).
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He means by this ideal-typical or typological thinking: community types as natural

kinds.
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See Grant & Abbott 1980; Strong 1980; Alatalo 1982; Schoener 1982; Wright & Biehl
1982; The American Naturalist (122) 1983; Case & Sidell 1983; Harvey et al. 1983; Grant
& Schluter 1984; May 1984; Strong et al. 1984; Diamond & Case 1986; Sloep 1986, 1993.
See also Lewin (1984) and note 88.
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Among others, Simberloff 1970; Connor & Simberloff 1978; Connor & McCoy 1979;
Gilbert 1980; Sugihara 1981; May 1984.
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Among others, Grant & Abbott 1980; Rickleffs et al. 1981; Simberloff & Boecklen
1981; Strong & Simberloff 1981; Bowers & Brown 1982; Collwell & Winkler 1984.
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Among others, Grant 1966; Simberloff 1970, 1983; Connor & Simberloff 1978; Grant
& Abbott 1980; Järvinen 1982.
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Among others, Lack 1947; Brown & Wilson 1956; Grant 1972, 1975; Strong et al.
1979; Strong & Simberloff 1981.
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for the observed result. In the sense used here, chance is not meant to imply the absence of
deterministic forces acting to produce the observed result; (..) It does mean that, whatever the
forces are that determine each species’ distribution, there are no reasons from the geographical
data themselves to conclude that among those forces is the presence or absence of other
species" (Connor & Simberloff 1986, p. 159-160).
13.7
13.7.1

Other factors in the controversy
Ecology and nature conservation

One of the reasons for the sensitivity and persistence of the holism-reductionism issue in
ecology is that, beside cognitive aspects, it also has ethical, esthetical and psychological
aspects. These relate to differences in conceptions of nature and associated motives and
strategies for nature conservation (van der Windt et al. 1987).
In exoteric (sensu Fleck 1979) circles of organismal biology, the holistic claim that the
whole cannot be reduced to its component parts is often linked to the view that it is ethically
inadmissible to cut up or otherwise manipulate living organisms. Analogously, holism in (both
esoteric and exoteric circles of) ecology, the idea of harmony and wholeness of nature, is
often linked to the idea of the balance of nature, that must not be disturbed and hence should
be protected (Egerton 1973; Worster 1977; McIntosh 1980, 1985; Achterberg & Zweers 1984;
van Koppen et al. 1984; Achterberg 1989). A holistic and deterministic view of nature seems
to offer more and better perspectives for nature conservation than a reductionistic and
probabilistic view: if natural systems behaved according to fixed and predictable patterns,
there would be more opportunities for control and regulation than there would be if they were
unpredictable and idiosyncratic (see also Kwa 1984, 1989). Simberloff himself points to a
psychological factor why his view may be unattractive to some: "Certainly there is something
profoundly disturbing about a nature in which random elements play a large role. (..) the idea
of an unbalanced, stochastically driven natural community inspires distrust" (Simberloff 1980,
p. 90).
A good example of the relation between holistic ecology and nature conservation is the
International Biological Program (IBP). This was a large-scale and influential research
programme in the 1960’s and 1970’s on ecosystems all over the world. The IBP was fully
based on Odum’s (1969) holistic systems ecology and was aimed at nature conservation,
environmental control and management of natural resources. On the other hand, it has had an
enormous influence on the growth of (systems) ecological knowledge (McIntosh 1974, 1980,
1985; Simberloff 1980; Kwa 1984, 1989). According to Simberloff (1980), the IBP was the
heaviest subsidized ecological research programme so far. He notes that for this (economical)
reason alone, the holistic systems approach was very tempting, apart from philosophical or
biological considerations (Simberloff 1980, pp. 28-29).
It is likely that interests in nature conservation are also effective in determining Diamond’s
position in the present controversy. At the time at least, Diamond worked also as an advisor
to the governments of various countries in the Pacific on the design of nature reserves and
the preservation of indigenous flora and fauna (Diamond 1978, p. 322). A direct clue for this
interest is found in another controversy between Diamond c.s. and Simberloff c.s. which
concerned applications of MacArthur and Wilson’s (1967) equilibrium theory to the design
of nature reserves. As we have seen in the former chapter, this theory can be used to explain
the species-area relation: the larger an area (island), the higher the number of species it
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contains. Diamond (1975b, 1976) and Terborgh (1975, 1976) appealed to the theory in a plea
to create as large as possible nature reserves. They were criticized by Simberloff and Abele
(1976a,b) who found that the theory had as yet been insufficiently tested, let alone proved,
and who also argued that the theory may just as well be used to justify the creation of many
smaller reserves instead of one large reserve.112
The resemblance with the other controversy is striking. Diamond is quick to use an
attractive though yet immature theory, and it is also clear from what interests he does so,
while Simberloff warns against such premature applications.
Of course, all this is not to say that autecologists or population ecologists such as Simberloff
could not be nature conservationists, only that, at least for the time being, their ecology lends
itself less well for conservation purposes. Opportunities for applications of autecology or
population ecology in the field of nature conservation and management seem to lie more at
the level of the protection of individual species, but this form of nature protection is just
recently gaining attention (Looijen et al. 1989; Wiersinga et al. 1989).
13.7.2

Professional interests

The question remains why the controversy lasted so much longer in spite of the agreement
that was reached on the methodological and conceptual level. Two factors are probably
responsible for this, namely the complexity of null models and the influence of professional
interests.
As a matter of fact, since 1982 the controversy no longer concerns the role of competition
or Diamond’s assembly rules, but becomes focused at technical details of null models. I have
already mentioned that by then the parties to the controversy had come to agree upon the
general use of testing null hypotheses, but not upon the precise form that null models should
have. This appears to be an extremely difficult issue. On the one hand, one needs to
incorporate constraints such as the ones used by Connor and Simberloff to lend some
biological realism to the null model. On the other hand, this always presents the danger of
introducing into the null hypothesis all sorts of hidden effects, among others of the factor
against which the null hypothesis is to be tested. The question is, however, whether at this
point we should still talk of a controversy or rather of a discussion of how to solve a difficult
methodological problem, a problem, moreover, that both parties have to deal with.
A second factor that may be responsible for the at least apparent persistence of the
controversy is formed by the professional interests which the opponents have in the
succeeding of their respective programmes. Diamond’s notion of competitively induced
assembly rules has received a serious blow from the criticisms by Simberloff c.s., and with
their ’improved’ null model Diamond and Gilpin attempt to save as much as they can of what
is left of the possible role of competition. Incidentally, a paper by Gilpin and some other
colleagues (Gilpin et al. 1986; and see also Roughgarden 1989) shows that the idea of
assembly rules has not been completely abandoned. In this paper competition theory is used,
analogous to Diamond (1975a), to explain assembly rules for communities of Drosophila
species. An crucial difference with Diamond (1975a) is, however, that in this case the
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A nice detail in this context is, of course, that Simberloff was one of the few
researchers who found empirical support for the equilibrium theory (see chapter 12).
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communities consist of both taxonomically and ecologically closely related species among
which interspecific competition may indeed be expected.
That the position of Simberloff c.s. is also being steered by professional interests becomes
likely when we consider that they have put all their stakes on the null programme. In both
controversies with Diamond c.s., Simberloff seems to take the position of the puritan scientist
who guards against rashed conclusions and watches over scientific method.113 Though at
first sight this may be seen (as it is most certainly seen by Simberloff himself) as a defense
of intrinsic scientific interests, in the course of the controversy it becomes more and more a
matter of personal interests. Simberloff c.s. have invested heavily in their programme and it
is quite understandable that they head for defense when their null model is being attacked.
The influence of professional interests is probably even reinforced by the fact that,
considering institutional ties, they take the form of group interests. The anti-competitionists
(Simberloff, Connor, McCoy, Strong, Abele, Boecklen, and Thistle) are (or were at the time)
all connected to the Florida State University. The competitionists are, with some exceptions
(Roughgarden, Dunham, Harvey and Silverton), connected to the University of California
(Diamond, Gilpin, Schoener, Quinn, Colwell, and Winkler) and to Princeton University
(Terborgh, Grant, Schluter, Abbott, and May).
It will be clear that these different interests are not causes of the controversy. They do seem
to perpetuate the arguments, however. A strong clue for this is the fact that the dispute
becomes ever more fierce and rethorical, while on the level of content some rapprochement
occurs. The function of this seems to be to hide the fact that concessions to the other side
have been made, that one has retreated from earlier standpoints, and to keep as much right
as possible in one’s own camp.
13.7.3

Competition as ideology

A last factor that seems of interest to the controversy is the influence of ideology. Diamond
(1978) makes an interesting attempt to point out that interspecific competition is even more
important in nature than one would expect from distributional patterns of species. Suppose,
he argues, that as an economist one would make the same mistake, namely to observe
different species, all having similar niches but rarely ever actually fighting, and to conclude
that interspecific competition is unimportant. He would go, for example, to the Acuma desert
and notice that all extant nitrate mines are located in Chili instead of Peru or Bolivia, and that
peace reigns. If he had read no history book, he wouldn’t realize that some hundred years ago
these three countries were involved in a short but heavy battle, that Chili won the war and
thereby settled competition over nitrate for the next century. Or he would see Herz and Avis
next to each other at the airport. He would observe that the ladies in yellow don’t fight at all
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The flesh is weak, however. Although they are later forced to admit that their null
hypothesis must be rejected for the West Indies birds and bats (Connor & Simberloff 1984a),
they initially conclude to the opposite, even though the empirical distribution of the species
deviates significantly from the simulated random distribution (see 13.3.2). That they thereby
violate the very falsificationism they so fervently advocate may be seen as a typical specimen
of ’confirmation bias’ (Loehle 1987). This too may be a matter of defense of professional
interests.
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with the ladies in red, and he would conclude that Herz and Avis do not compete. In reality,
however, they compete strongly, of course, but the mechanism is exploitation of resources customers - and not fighting. Or, finally, he would notice that RCA today makes no
computers, whereas IBM does, and he would conclude that competition is unimportant in
computer business. If he hadn’t watched the business, he wouldn’t realize that RCA once did
make computers but that IBM was so much more successful in attracting customers, without
taking recourse to fight, that the competition battle was settled with the permanent exclusion
of RCA from the computer market (Diamond 1978, p. 329). It is evident that ideological
background serves here to justify ecological theorizing (without any relevance, however, to
the truth value of competition theory).
Another example is provided by Simberloff (1980). According to Simberloff, the
paradigmatic status of the holistic ecosystem concept is due to the fact that "it provides
support for the notion of self-regulatory powers inherent in unfettered capitalism (..). For if
a community of organisms, naturally selected each to maximize the representation of its own
genes, can be shown to be analogous to a single organism whose parts all work to a common
purpose, so ought competitive capitalism to produce a unified whole which benefits all. This
is an old notion: Adam Smith’s metaphor was that of a hidden hand converting the profitmaximizing activities of individuals into the good of the whole" (Simberloff 1980, p. 28). He
adds to this, however, that "Perhaps the most convincing argument that the main attraction
of holism is not as a subtle justification of capitalism is that it has adherents with longstanding, impeccable Marxist credentials (e.g. Levins 1968, Lewontin and Levins 1976)"
(Simberloff 1980, p. 28). No wonder that the reply comes from Levins and Lewontin (1980).
13.8

Conclusions

I have shown that the controversy between Diamond c.s. and Simberloff c.s. is underlaid by
profound differences of opinion that go back to the contradistinction between a holisticdeterministic view of nature and a reductionistic-probabilistic one. These different conceptions
of nature lead not only to cognitive but also to methodological differences. Diamond worked
inductive-confirmatory. He sought for patterns in the assembly of communities that agreed
with competition theory, found these patterns in mutually exclusive species pairs and other
combinations and thereby saw his theory confirmed. Simberloff c.s, on the other hand, use
(or claim to use) the hypothetico-deductive method. They start with individual species and
islands and are prepared to accept a role of competition only when the null hypothesis must
be rejected, and they demand independent testing of competition theory.
I have further shown that the controversy is steered also by various professional, social and
ideological interests and backgrounds. A holistic-deterministic approach in ecology is tempting
against the background of a technical knowledge interest in nature conservation and
management. The importance of competition in ecology is justified by an appeal to the role
of competition in economics. In addition, the controversy is being influenced by differing
views on scientific progress. The anti-competitionists defend their strategy by appealing to
falsificationism, an appeal which is more or less rejected by the competitionists. Finally, the
course and nature of the controversy become ever more influenced by professional interests.
Because in time the dispute becomes increasingly more fierce and rethorical, it looks as if
the controversy lasts on all fronts, but that actually holds only for the delineation of guilds
and the proof of competitive exclusion. On the cognitive level, however, agreement is reached
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on the following points: (a) the patterns in the species composition of communities are not
completely random, that is, are not the mere result of stochastic processes; (b) the patterns
can be explained largely in terms of properties of individual species and island characteristics;
and (c) in only a small number of cases an appeal to competition theory can or must be made.
When we view these results in terms of the origins or causes of the controversy, two things
are striking. First of all, not a single brick is left standing of the holism-reductionism edifice.
The fact that the structure of the communities is significantly non-random (point a) means that
there are holistic (emergent) patterns that require investigation and explanation. Further, the
explanations offered are largely reductionistic or reductive (point b) and there is only a small
residue that may require ’holistic’ explanation (point c). In addition, the explanatory factors
are partly deterministic, such as island area, biotope diversity and food supplies, and partly
stochastic, such as immigration and extinction chances, which in turn depend on the dispersal
abilities and population dynamic characteristics of the species and on the size and degree of
isolation of the islands.
The second most striking thing about the controversy is that the results mentioned under
points (a), (b) and (c) above are in very close agreement to Diamond’s (1975a) initial
moderate account (see 13.2.2). In other words, one has required ten years of discussion mostly
to reconfirm what (the moderate) Diamond stated already in 1975. Why then the entire
discussion? The reason lies in the extra claims of Diamond (1975a), the heavy stress he put
on holistic integration of communities, the weight he gave to his assembly rules, and the
exclusive role he assigned to competition. It is such heavy and extravagant claims that
perpetually blow new life in the holism-reductionism dispute in ecology, without there being
good reasons for it. They are eliminated, therefore, in the course of the controversy.
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EPILOGUE
The main thesis of this book was that holism and reductionism should be seen as mutually
dependent and co-operating research programmes instead of incompatible views of nature or
of the relations between sciences. Holism and reductionism are incompatible only in so far
as there are holists who claim that wholes cannot be analysed at all, and reductionists who
claim that there are no wholes other than, say, atoms to study at all. These claims are so
absurd, however, that they are not worthy of discussion.
As for the remaining elements of both doctrines, I have argued that none of the major tenets
of holism - the emergence thesis, the need to study wholes phenomenologically, and the need
for functional explanations in biology - actually conflicts with the major claim of
reductionism, that higher level laws and theories can be reduced to lower level ones. The
emergence thesis is a valid ontological thesis, but it does not contradict the (epistemological)
reduction thesis. Functional explanations are indispensible in biology, but they are essentially
causal and therefore neither violate the principle of causal determinism nor stand in the way
of reductions. Finally, because of emergence and because there must be something to reduce
before we can have reductions, the holistic or phenomenological study of wholes is a
prerequisite for the possibility of reductions.
I have used two philosophical models to further support my thesis, viz. Kuipers’s reduction
model and Zandvoort’s model of co-operating research programmes. According to Kuipers’s
model, heterogeneous micro-reduction is the explanation of a macro-law or -theory by a
micro-theory supplemented with (at least) an aggregation hypothesis and a transformation
(correlation or identification) hypothesis. The structure of such reductions alone already
indicates that, in terms of research programmes directed at the whole and its parts,
respectively, holism and reductionism do not exclude each other but rather complement each
other. For they require that there be both macro-laws or -theories to be reduced and reducing
micro-theories, as well as connecting bridge principles. That is, they require the fruits of both
holistic and reductionistic research programmes. According to Zandvoort’s model, moreover,
research programmes that are directed at different levels of organization are often mutually
dependent and (asymmetrically) co-operating programmes. Though each may be independent
of the other as far as its own level is concerned, they are mutually dependent when it comes
to relations between levels. As it is unlikely, moreover, that macro-laws or -theories can be
constructed on the basis of micro-theories alone, the relationship is most likely to be one of
asymmetric co-operation: in providing macro-laws or -theories that call for deeper
explanations, holistic programmes act as guide programmes for reductionistic programmes,
while reductionistic programmes, if they succeed in providing the explanations, act as supply
programmes for holistic programmes. I have discussed several examples of heterogeneous
mico-reduction, also in biology and ecology, illustrating my thesis.
There are some interesting problems and questions remaining to be investigated, however.
These problems and questions pertain to (1) the specificity of ecological laws, (2) reduction
to more than one micro-theory, and (3) the possible relationship between (1) and (2).
In the first place, the present reduction model requires that there be general laws and
theories, both on the macro-level and on the micro-level. As noted in chapter 8, however,
general laws and theories are hard to come by in ecology, especially at the macro-level of
communuities (and ecosystems). I have pointed to the ambiguity of the term ’community’ as
a possible cause, reasoning that if different researchers study different kinds of objects but
all report to be studying communities, the chances of general patterns (laws) being abstracted
from these studies are smaller than if they would all be studying the same kind of objects.
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On the other hand, of course, even a precise and unambiguous definition is no guarantee to
the discovery of general laws and theories about communities. A critic might argue, moreover,
that the causal relation could also be the other way around: because there are no general laws
and theories about communities, ecologists (are free to) use the term ’community’ for various
different kinds of objects.
The question is, however, what one could possibly mean when stating that there are no
general laws and theories at the level of communities. He could mean two things: (1) ’out
there’, in nature (that is, ontically), there are no general laws at the level of communities; or
(2) ontically, there are general laws at the level of communities but we don’t know them yet.
In case (2), the present lack of general laws and theories about communities is due to
epistemic factors, and all we can do is to await the results from more research. In this case,
the (re)definition of the term ’community’ proposed in chapter 9 (the set of individuals of two
or more species occurring in the intersection of the areas occupied by populations of these
species), may help. In case (1), there are two sub-possibilities: (1a) ontically, there are no
general laws at the level of communities, because there are no such things as communities;
or (1b) there are such things as communities but they are not subject to general laws. Whether
or not case (1a) obtains is, of course, the major issue of the holism-reductionism dispute in
ecology. There can be no doubt that there ’really’ (ontically) are communities in the sense
of the definition proposed in chapter 9. As noted, however, this definition is neutral with
respect to the question whether communities are ’mere’ aggregates of organisms or supraindividual wholes. Shortly before this book went to press, an anonymous reviewer pointed out
to me that if communities are supra-individual wholes, if only weakly cohesive ones, they
must have a non-trivial emergent structure determined by interactions between the individuals.
As an example, he mentioned that within one city there are many different social systems,
which are determined by the interactions between the individuals. I agree that there must be
some relations between the parts (individuals), some bondings, however weak, in order for
communities to be more than mere aggregates. In chapter 9 I argued, however, that interaction
is neither a necessary nor a sufficient condition for community membership. The question is,
however, what we mean by interactions, relations or bondings. In terms of the kinds of
interactions recognized in ecology, humans need not compete or prey upon each other in order
to belong to a social system (’community’). Nor do they necessarily have to be commensalists
or even mutualists. All that is required is that they share the same space and have a good time
together (share the same work, hobbies, friends, interests). A most interesting question is
whether this is not also sufficient in the case of ecological communities. That is, is it not
sufficient that organisms have similar ecological preferences, requirements and tolerances in
order for the communities to which they belong to be more than mere (trivial or random)
aggregates? Don’t such shared preferences, requirements and tolerances constitute sufficient
bonding relations between individuals? On the other hand, are they sufficient to make
communities into supra-individual wholes (if not by definition)? If not, are social systems
supra-individual wholes, then, and why? Do interspecific interactions, such as competition and
predation, make for stronger or for weaker bondings? What if one individual eats the other,
or if one individual competitively excludes the other?
These are very interesting questions for follow-up research. However, I think that, whatever
the answers to these questions, the community concept should be defined independently of
those answers. For both shared preferences, requirements and tolerances of individuals and
interspecific interactions may constitute a major part of explanations of community structure.
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Therefore, they should not be included in a definition of the concept of a community. For the
same reason, I think that community structure should be defined, at least for the time being,
simply (as is done presently) in terms of species composition, and that it should be left to
theories about relations between species and environments, and about interactions between
species, to explain this structure.
Case (1b), finally, seems to me to be highly unlikely, because if there are communities (in
either of the above senses, or at least in the sense of my definition), then there are likely to
be community types and, hence, general laws applying to or governing those types.
(Inadequate though they may be in some respects, present classification systems indicate that
there do exist such types.) The point may be, however, that those laws will not be ’universal’
laws, but specific ones. In chapter 7 I have noted that biological laws are often restricted or
specific in that they have a relatively small domain or reference class. For example, the Bohreffect applies only to hemoglobin-carrying animals, and the laws of photosynthesis apply only
to autotrophic plants. What applies to biological laws in general would seem to apply a
fortiori to ecological laws in particular. As the level of organization increases, systems
become more complex as more factors come into play. It may well be that, as a result, their
behaviour becomes ever more idiosyncratic and the laws governing their behaviour become
more specific. For example, there are different, specific laws (models of modern niche theory)
for consumers of self-reproducing resources than there are for consumers of non-selfreproducing resources. The values of c and z in the relation (’law’) between species number
and area, S = c.Az, are different for different taxonomic groups (though both examples
indicate that there may still be more general laws underlying the specific ones). Thus, it may
well be that laws at the community level are more specific than laws at the species level. And
it may well be that there are different laws for, say, plant communities than there are for bird
or insect communities. Once again, however, whether and to what extent this is the case is
an empirical issue which can be settled only by more empirical research. And in this case,
too, my definition of the community concept may be helpful in finding out how regular
patterns in species’ co-occurrences are.
In the second place, according to the present reduction model, reductions always involve
one single reducing theory (supplemented by auxiliary hypotheses). The reduction of the
Bohr-effect discussed in chapter 6 complies with this model, even though it involves two
micro-theories. For, as I have shown, it actually consists of two heterogeneous microreductions, and each of them is still a reduction to one micro-theory. It seems more likely,
however, that in ecology reductions will generally be established on the grounds of several,
more or less complementary, and more or less equally important, micro-theories. The
reduction of the Lotka/Volterra competition model to modern niche theory is a proper
example of heterogeneous micro-reduction in ecology, complying with Kuipers’s model.
However, it is not a reduction of a theory at the community level, whereas this is (along with
the level of ecosystems) the macro-level of major interest in ecology. Also, it seems unlikely
that modern niche theory alone will be sufficient to explain the entire structure and dynamics
of communities. Modern niche theory applies only to resource utilization, and specific models
of the theory apply only to interactions between predators and prey or to interactions between
competitors. However, the structure and dynamics of communities may be determined by
many factors other than, or in addition to, interspecific interactions. The least that seems
additionally required is a theory about the environmental requirements and tolerances of
species (that is, habitat theory as discussed in chapter 10) on the one hand and environmental
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heterogeneity and biotope diversity on the other.
The results discussed in chapters 12 and 13 point in the same direction. Concretizations
(approximative reductions) of MacArthur and Wilson’s equilibrium theory involve several
factors (and, hence, theories specifying those factors) in addition to island area and distance,
such as species’ dispersal abilities in relation to island distance; species’ environmental
requirements and tolerances in relation to biotope diversity of islands; endemism; and,
possibly, interactions between species. As noted in chapter 13, Diamond used several,
complementary theories to explain the structure (species’ number and composition) of his
communities, such as MacArthur and Wilson’s equilibrium theory (area- and distance-effect),
theories about biotope diversity, geographical origin of species, endemism, dispersal strategies
and abilities, foraging strategies, niche theory and competition theory.
Thus, it seems likely that micro-reductions in ecology generally involve more than one
single reducing theory. Although this doesn’t affect the model of co-operating research
programmes, nor my thesis about the co-operation of holistic and reductionistic programmes
(both allowing several different programmes to co-operate), it has far-reaching consequences,
of course, for the present reduction model. For it would mean that reductions can be much
more (or even more) complicated than is presently assumed. It will be difficult to assess the
precise role of each of the reducing theories, and it will also be much more difficult to assess
the different roles played by reducing theories and auxiliary hypotheses (bridge principles).
But the major consequence would be, of course, the implications for the idea of unification
through theory reduction. The only way in which the idea could be rescued would be to show
that the reducing micro-theories in ecology could themselves be reduced to one single
(deeper) micro-theory, an unlikely prospect (though perhaps the task could be accomplished
by the theory of natural selection).
Finally, there could be an interesting relation between the two main points mentioned above,
that is, (1) specificity of ecological laws and (2) reduction to more than one micro-theory. For
if ecological laws are specific, and if laws at the macro-level are more specific than laws at
the micro-level, it seems likely that one will have to use several laws or theories at the microlevel to explain a law at the macro-level. If there are specific laws governing the behaviour
of species (individuals of species), then it is likely that the behaviour of multi-species
communities is the result of an interplay of several of such laws. Hence, one may have to use
several laws or theories at the micro-level to explain a law or theory at the macro-level
(communities).
The two problems, and the possible relation between them, form interesting subjects for
future research.
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Holisme en reductionisme worden over het algemeen gezien als tegenstrijdige visies op de
natuur of op de relaties tussen wetenschappen. In dit proefschrift heb ik betoogd dat zij beter
kunnen worden gezien als wederzijds afhankelijke en samenwerkende
onderzoeksprogramma’s, en dat deze samenwerking ook zou moeten worden nagestreefd. Deel
1 gaat over holisme en reductionisme in de biologie in het algemeen, en deel 2 over holisme
en reductionisme in de ecologie in het bijzonder.
Na een inleidend hoofdstuk (1) heb ik in hoofdstuk 2 een overzicht gegeven van holistische
en reductionistische opvattingen in de biologie. Reductionisme kan kort worden omschreven
als de opvatting dat biologische gehelen ’in wezen’ niets meer zijn dan verzamelingen van
atomen en moleculen; dat biologische gehelen dus het best kunnen worden begrepen door ze
te analyseren in termen van hun fysisch-chemische delen; en dat de biologie dus als een
speciale tak van de natuur- en scheikunde kan worden beschouwd. Het laatste betekent dat
biologische wetten en theorieën gereduceerd kunnen worden tot fysisch-chemische. Holisme
daarentegen is de opvatting dat biologische gehelen emergente eigenschappen hebben, die hun
fysisch-chemische delen niet bezitten; dat biologische wetten en theorieën dus niet
gereduceerd kunnen worden tot fysisch-chemische; en dat biologische gehelen op hun eigen
niveau (fenomenologisch) onderzocht moeten worden. Daarnaast benadrukt het holisme (in
de vorm van organicisme) de functionele relaties tussen de delen in het geheel, en daarmee
het belang van functionele verklaringen in de biologie. Volgens reductionisten zijn dit echter
niet-wetenschappelijke pseudo-verklaringen, die vervangen moeten worden door causale
verklaringen.
Er lijken dus drie tegenstellingen tussen holisme en reductionisme te bestaan: (1) de
emergentie-these versus de reductie-these; (2) holistisch (fenomenologisch) onderzoek op het
niveau van het geheel versus reductionistisch (mechanicistisch) onderzoek op het niveau van
de delen; en (3) functionele versus causale verklaringen. In latere hoofdstukken heb ik
betoogd dat dit schijn-tegenstellingen zijn.
Daartoe heb ik in hoofdstuk 3 eerst de begrippen ’reductie’ en ’reduceren’ in
wetenschappelijke contexten besproken. Reduceren verschijnt dan als een vorm van verklaren.
Een reductie is de verklaring van een bepaalde wet of theorie door middel van een andere,
algemenere theorie, aangevuld met een of meer hulp-hypothesen. Er zijn verschillende typen
reductie, afhankelijk van de aard van de hulp-hypothesen die, al dan niet in combinatie,
worden gebruikt: approximatie-, aggregatie-, correlatie- of identificatie-hypothesen. Het
voornaamste verschil is dat reducties met behulp van approximatie-hypothesen niet-deductieve
verklaringen zijn, waarbij de te reduceren wet of theorie slechts bij benadering (approximatie)
volgt uit de reducerende theorie, terwijl andere typen reductie deductieve verklaringen zijn.
Het meest relevante type reductie in de context van de holisme-reductionisme tegenstelling
is heterogene micro-reductie. Dit is de verklaring van een macro-wet of -theorie (op het
niveau van een geheel) door middel van een micro-theorie (op het niveau van de
samenstellende delen), aangevuld met een aggregatie-hypothese (waarin over het individuele
gedrag van delen wordt geaggregeerd) en een correlatie-hypothese en/of een identificatiehypothese. De laatste zijn van groot belang, omdat de macro-wet of -theorie altijd een of meer
termen bevat die niet voorkomen in de micro-theorie, zodat er brugprincipes nodig zijn om
deze termen te verbinden met de theoretische termen van de micro-theorie. Vaak zijn dit
correlatie-hypothesen, die (per definitie) causale verbanden uitdrukken, maar het kunnen ook
identificatie-hypothesen zijn, die uitdrukken dat een begrip in de macro-wet of -theorie
identiek is aan een begrip in de micro-theorie (bijvoorbeeld: het begrip ’temperatuur’ in de
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ideale gaswet is identiek aan het begrip ’gemiddelde kinetische energie’ in de kinetische
gastheorie).
In het laatste geval wordt gesproken van begripsreductie. Vanwege hun problematische
status heb ik identificatie-hypothesen in een apart hoofdstuk (hoofdstuk 4) besproken. De
reden daarvoor is dat zij vaak ’ontologische identiteitsrelaties’ worden genoemd. Daarmee
wordt niet alleen de indruk gewekt dat twee verschillende ontologische entiteiten of attributen
met elkaar zouden worden geïdentificeerd, maar ook dat begripsreducties ontologische
reducties zouden zijn. Ik heb echter beargumenteerd dat identificatie-hypothesen relaties zijn
tussen twee verschillende begrippen van dezelfde ontologische entiteit of van hetzelfde
attribuut, met andere woorden, dat zij twee epistemische zijden van dezelfde ontologische
medaille uitdrukken: ’temperatuur’ en ’gemiddelde kinetische energie’ zijn twee verschillende
termen voor een en hetzelfde attribuut-begrip. De term ’ontologische identiteitsrelatie’ is dus
zeer misleidend, en de term ’ontologische reductie’ kan in deze context zelfs als een
contradictie in termen worden beschouwd.
Dit sluit aan bij de voornaamste conclusie van hoofdstuk 3, namelijk dat reductie een
epistemologische kwestie is: het heeft betrekking op logische relaties tussen uitspraken of
systemen van uitspraken (wetten of theorieën). Het moet dus niet worden verward met
ontologische reductie, zeker niet in de zin van verlaging, vermindering of devaluatie.
Bovendien zijn alle typen reductie (met uitzondering van zogenoemde instrumentalistische
reducties) niet-eliminatieve vormen van verklaring. Dat wil zeggen dat een gereduceerde wet
of theorie dus niet wordt geëlimineerd door de reducerende theorie, maar juist geconsolideerd
of zelfs versterkt. Daarmee wordt ook de ontologie van de gereduceerde wet of theorie
geconsolideerd.
In hoofdstuk 5 heb ik deze conclusies gekoppeld aan de emergentie-these. Ik heb laten zien
dat de emergentie-these feitelijk twee componenten bevat: (1) een ontologische stelling, die
luidt dat een geheel emergente eigenschappen heeft die de samenstellende delen niet bezitten,
noch afzonderlijk noch in andere partiële combinaties; en (2) een epistemologische stelling,
die luidt dat emergente eigenschappen ’niet-reduceerbaar’ zijn. Ik heb betoogd dat stelling (1)
kan worden beschouwd als een geldige, ontologische these, die echter niet alleen van
toepassing is op biologische gehelen, maar op alle gehelen. Zelfs eenvoudige fysische of
chemische gehelen, zoals macro-moleculen, vloeistoffen en metalen, blijken emergente
eigenschappen te hebben in de zin van eigenschappen die de samenstellende delen niet
bezitten, noch afzonderlijk noch in andere partiële combinaties (dat wil zeggen, andere
combinaties dan die waarin zij voorkomen in het geheel). Dezelfde voorbeelden laten echter
zien dat de irreduceerbaarheidsclaim, die door holisten aan de emergentie-these wordt
verbonden, niet houdbaar is. De emergente eigenschappen van deze gehelen blijken (evenals
die van veel andere, ook biologische, gehelen) namelijk wel degelijk verklaarbaar te zijn in
termen van micro-theorieën over de samenstellende delen en hun onderlinge relaties. Het is
echter van groot belang dat emergentie een ontologische kwestie is, terwijl reductie, zoals
gezegd, een epistemologische kwestie. Het zijn dus geen gehelen, of emergente eigenschappen
van gehelen, die worden gereduceerd, maar uitspraken (wetten of theorieën) daarover.
Reduceren is een vorm van verklaren, niet van weg-verklaren. Het laat de ontologie van wat
wordt gereduceerd dus geheel intact. De emergentie-these laat zich dus heel goed verenigen
met de reductie-these.
Ik heb vervolgens een nieuwe definitie van het begrip emergentie ontwikkeld, die
emergentie uitdrukt in termen van de aanvullende hypothesen die in een reductie kunnen
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worden gebruikt, met name aggregatie-, correlatie- en/of identificatie-hypothesen. Uiteindelijk
heeft dit zelfs geleid tot twee opvallende conclusies. Ten eerste, emergentie kan worden
beschouwd als het tegenovergestelde van ontologische identiteit. Ten tweede, als er geen
emergentie zou zijn, zou er ook geen (micro-)reductie zijn: als er geen macro-objecten met
macro-eigenschappen zouden zijn, zouden er ook geen macro-wetten en -theorieën zijn en zou
er dus niets zijn om te reduceren. In dit opzicht is er dus geen sprake van een tegenstelling
tussen holisme en reductionisme.
Vervolgens heb ik laten zien dat ook de tweede tegenstelling, die tussen holistisch of
fenomenologisch onderzoek op het niveau van gehelen en reductionistisch onderzoek op het
niveau van de delen, een schijn-tegenstelling is. Immers, voordat er zelfs maar gedacht kan
worden aan reductie, moet er wel iets zijn om te reduceren. Voordat macro-wetten en theorieën gereduceerd kunnen worden tot micro-theorieën, moeten zij wel eerst ontdekt of
ontwikkeld worden. Bovendien is het niet aannemelijk dat macro-wetten en -theorieën ooit
geconstrueerd kunnen worden op grond van micro-theorieën alleen, mede omdat dit ook
brugprincipes vereist die termen in de micro-theorie verbinden met termen in een (tot dan toe
onbekende!) macro-wet of -theorie. Dit betekent dat er dus een rol is weggelegd voor
holistische onderzoeksprogramma’s. Aan de andere kant bestaat de rol van reductionistische
programma’s uit het verschaffen van diepere (micro-reductieve) verklaringen van deze macrowetten of -theorieën. Dit heeft geleid tot mijn stelling dat holistische en reductionistische
onderzoeksprogramma’s dus wederzijds afhankelijke en samenwerkende onderzoeksprogramma’s zijn. Door macro-wetten of -theorieën te ontdekken of te ontwikkelen die zij zelf
(bij gebrek aan de daartoe vereiste middelen) niet kunnen verklaren, treden holistische
programma’s op als gidsprogramma’s voor reductionistische programma’s. Reductionistische
programma’s treden op als toeleveringsprogramma’s voor holistische programma’s als zij er
in slagen zo’n verklaring te geven (de macro-wetten of -theorieën te reduceren). Holistische
programma’s zijn dus afhankelijk van reductionistische programma’s voor diepere (microreductieve) verklaringen van de door hen ontdekte of ontwikkelde macro-wetten of -theorieën,
terwijl reductionistische programma’s afhankelijk zijn van holistisch programma’s voor het
ontdekken of ontwikkelen van deze macro-wetten en -theorieën.
In hoofdstuk 6 heb ik deze stelling geïllustreerd aan de hand van de reductie van het Bohreffect in de dierfysiologie. Dit is een wet over de snelheid waarmee zuurstof wordt
opgenomen en afgegeven door het bloed. Ik heb laten zien dat deze wet is gereduceerd tot
de theorie van allosterie, toegepast op hemoglobine-moleculen in rode bloedcellen, en dat
deze toepassing van de theorie van allosterie is gereduceerd tot de theorie van chemische
binding. Ik heb tevens laten zien dat bij deze reductie minstens zes onderzoeksprogramma’s
(uit de fysiologie, biochemie, moleculaire biologie en structuur-chemie) waren betrokken, en
dat de relaties tussen deze programma’s zeer goed kunnen worden beschreven in termen van
het model van holistische gidsprogramma’s en reductionistische toeleveringsprogramma’s. De
enige, maar wel belangrijke, kwalificatie die hieruit naar voren is gekomen, is dat de termen
’holistisch’ en ’reductionistisch’ uiterst relatief zijn en altijd dienen te worden gerelateerd aan
een bepaald niveau van organisatie.
In hoofdstuk 7 heb ik de resterende ’tegenstelling’ tussen holisme en reductionisme in de
biologie besproken, namelijk die tussen de noodzaak van functionele verklaringen in de
biologie (gekoppeld aan holisme in de vorm van organicisme) en de eis van reductionisten
dat verklaringen causaal dienen te zijn. Ik heb betoogd dat functionele verklaringen volkomen
legitieme verklaringen zijn, die in zekere zin (gegeven het beperkte domein van biologische
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wetten en onder uitsluiting van zogenoemde functionele equivalenten) gereconstrueerd kunnen
worden als deductief-nomologische verklaringen. Ik heb tevens laten zien dat functionele
verklaringen noodzakelijke onderdelen vormen van uitgebreidere causaal-evolutionaire
verklaringen, omdat in de laatste een beroep wordt gedaan op de adaptieve waarde, en dus
de functie, van een te verklaren eigenschap. In die zin kunnen functies worden opgevat als
adaptaties, en kunnen functionele verklaringen dus worden beschouwd als een soort "shorthand" voor (causale) evolutionaire verklaringen. Omdat functionele verklaringen in eerste
instantie worden opgeworpen als hypothesen, die vervolgens deductief moeten worden
onderbouwd met behulp van onderliggende theorieën, is er ook in de context van functionele
verklaringen sprake van samenwerking van holistische en reductionistische onderzoeksprogramma’s.
In deel 2 heb ik mijn stelling toegepast op de ecologie, een discipline waarin de holismereductionisme discussie welig tiert. De ecologie omvat minstens vier niveaus van organisatie,
te weten organismen, populaties, gemeenschappen en ecosystemen, en tussen elk van deze
niveaus doen zich reductie-problemen voor. Mijn stelling luidt uiteraard dat de oplossing van
deze problemen alleen kan komen van de samenwerking van holistische en reductionistische
onderzoeksprogramma’s. In de hoofdstukken 11 en 12 heb ik twee voorbeelden daarvan
besproken.
In hoofdstuk 8 heb ik echter geconstateerd dat andere concrete oplossingen blijken te
worden gefrustreerd door wat (ietwat overdreven) wordt genoemd de ’intellectuele
onvolwassenheid’ of de ’anomale status’ van de ecologie. Hiermee wordt gedoeld op het
vrijwel geheel ontbreken van algemene wetten en theorieën in de ecologie, in elk geval op
de hogere niveaus van gemeenschappen en ecosystemen. De holisme-reductionisme discussie
in de ecologie gaat dan ook niet zozeer over de vraag of wetten en theorieën over
gemeenschappen en ecosystemen gereduceerd kunnen worden tot theorieën over de
samenstellende soorten, als wel over de vraag of gemeenschappen en ecosystemen überhaupt
wel bestaan als ontologische entiteiten in de zin van gehelen met een (niet-triviale) emergente
structuur. Het alternatief is dat zij ’slechts’ aggregaties zijn van soorten die samen voorkomen
in ruimte en tijd.
Van een aantal mogelijk verantwoordelijke factoren voor dit gebrek aan algemene wetten
en theorieën heb ik er twee uitgelicht, die zich lenen voor filosofische analyse en opheldering.
De eerste is de ambiguïteit van een aantal sleutelbegrippen in de ecologie. Het blijkt
bijvoorbeeld dat de term ’gemeenschap’, maar ook termen zoals ’milieu’, ’habitat’, ’niche’
en ’biotoop’, worden gebruikt voor meerdere uiteenlopende begrippen. Deel 2 is daarom voor
een belangrijk deel (hoofdstukken 9 en 10) gewijd aan conceptuele analyse en opheldering
van deze begrippen, mede omdat deze een rol spelen in de voorbeelden die in hoofdstukken
11 en 12 worden besproken.
De tweede factor is de remmende invloed die de holisme-reductionisme tegenstelling blijkt
te (kunnen) hebben op de groei van kennis (waaronder theorie-ontwikkeling en maturatie). De
tegenstelling leidt vaak tot vruchteloze, maar tijdrovende controversen en polemieken. In het
laatste hoofdstuk (13) heb ik een voorbeeld daarvan besproken.
Hoofdstuk 9 bevat een conceptuele analyse en opheldering van het begrip ’gemeenschap’.
De term ’gemeenschap’ blijkt te worden gebruikt voor verschillende objecten op verschillende
niveaus van organisatie, variërend van een populatie van een enkele soort, via een groep van
interacterende populaties van verschillende soorten, tot en met de biotische component van
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een heel ecosysteem. Deze ambiguïteit lijkt op zichzelf al voldoende te zijn voor het gebrek
aan ’algemene’ wetten en theorieën over gemeenschappen. Om een bijdrage aan de oplossing
van dit probleem te geven heb ik in de eerste plaats betoogd dat het mij verstandig lijkt om
de term ’gemeenschap’ (in het Engels: "community") alleen te gebruiken voor groepen van
fylogenetisch en taxonomisch verwante soorten (in de zin van plantengemeenschappen,
vogelgemeenschappen, etcetera), en om de term ’biocoenose’ of ’levensgemeenschap’ (in het
Engels alleen: "biocoenosis") te (blijven) gebruiken voor het hogere niveau van organisatie,
dat is gedefinieerd als de biotische component van een ecosysteem. In de tweede plaats heb
ik betoogd dat, hoewel soorten in gemeenschappen uiteraard kunnen interacteren, interactie
op zichzelf geen noodzakelijke of voldoende voorwaarde is voor lidmaatschap van een
gemeenschap. Tot slot heb ik betoogd dat een gemeenschap niet moeten worden gedefinieerd
als een groep van populaties die samen voorkomen in ruimte en tijd (zoals vrijwel zonder
uitzondering wordt gedaan). Dit leidt namelijk tot twee buitengewoon lastige problemen. Het
eerste staat bekend als het grenzen-probleem en wordt algemeen gezien als het meest notoire
probleem in de gemeenschapsecologie. Het tweede probleem heb ik het probleem van
heterogeniteit genoemd. Het grenzen-probleem bestaat uit het feit dat populaties van
verschillende soorten zelden of nooit precies dezelfde ruimte innemen in een landschap, maar
meestal voorkomen in verschillende, meer of minder sterk overlappende gebieden. Het gevolg
daarvan is dat gemeenschappen, opgevat als groepen van populaties, geleidelijk in elkaar
overgaan en dat de grenzen tussen verschillende gemeenschappen dus vaag zijn. Uiteraard
belemmert dit adequate beschrijvingen en classificaties van gemeenschappen. Het probleem
van heterogeniteit heeft dezelfde oorzaak: omdat populaties van verschillende soorten
doorgaans verschillende gebieden bezetten, is de soortensamenstelling in het ene sub-gebied
van het totale gebied dat wordt ingenomen door een gemeenschap (wederom opgevat als
groep van populaties) meestal anders dan die in een ander sub-gebied, en is deze
gemeenschap ruimtelijk gezien dus heterogeen qua soortensamenstelling. Dit is een probleem,
omdat het optreden van algemene wetten blijkt te zijn gekoppeld aan homogene objecten.
Beide problemen worden veroorzaakt door het feit dat gemeenschappen worden gedefinieerd
als groepen van populaties die samen voorkomen in ruimte en tijd, terwijl het empirische
gegeven dus juist is dat populaties van verschillende soorten doorgaans niet samen voorkomen
in (precies) dezelfde ruimte. De problemen kunnen worden opgelost door een gemeenschap
te definiëren als de verzameling van individuen van verschillende soorten, die voorkomt in
het gebied van overlap van populaties van deze soorten. Alleen binnen zo’n gebied van
overlap kan echt worden gesproken van samen voorkomen (coexistentie) van (individuen van
verschillende) soorten. Ik heb de empirische adequaatheid van deze definitie geïllustreerd met
een voorbeeld van plantengemeenschappen op de kwelder van Schiermonnikoog.
In hoofdstuk 10 heb ik een poging gedaan tot opheldering van twee andere belangrijke, maar
reeds decennia controversiële, begrippen in de ecologie, te weten ’habitat’ en ’niche’. De term
’habitat’ speelt een belangrijke rol via de theorie van habitat selectie en het principe van
habitat differentiatie. Deze hebben betrekking op ruimtelijke scheiding van soorten. De term
’niche’ speelt een belangrijke rol via het principe van niche differentiatie, dat betrekking heeft
op differentieel gebruik van hulpbronnen door soorten. Terwijl habitat differentiatie leidt tot
non-coexistentie van soorten, is niche differentiatie juist een mechanisme van coexistentie.
Beide principes spelen een belangrijke rol bij verklaringen van de structuur van
gemeenschappen.
Wie echter probeert deze principes te doorgronden stuit al snel op het feit dat de begrippen
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’habitat’ en ’niche’ niet eenduidig zijn gedefinieerd. Het blijkt dat er vier verschillende
habitat-begrippen en vier verschillende niche-begrippen zijn, met als extra complicatie dat
twee van deze habitat-begrippen identiek zijn aan twee van de niche-begrippen. Daarnaast
blijken sommige habitat-begrippen (en dus niche-begrippen) ook nog eens te corresponderen
met verschillende milieu-begrippen en andere weer met verschillende biotoop-begrippen. Mijn
doel in hoodstuk 10 was om al deze begrippen van elkaar te ontwarren en elk ervan, voor
zover nodig of zinnig, te voorzien van een geschikte term. De voornaamste resultaten daarvan
zijn de suggesties om (a) de term ’milieu’ te laten verwijzen naar de specifieke combinatie
van waarden van biotische en/of abiotische variabelen op een bepaalde (topografische) plek;
(b) de term ’biotoop’ te gebruiken voor een (topografisch) gebied (verzameling plekken) met
min of meer uniforme milieu’s; (c) de termen ’potentiële habitat’ en ’gerealiseerde habitat’
te gebruiken voor de verzameling milieu’s die tegemoet komen aan de ecologische eisen en
toleranties van individuen van een bepaalde soort, respectievelijk de (deel-)verzameling van
milieu’s waarin individuen van deze soort daadwerkelijk voorkomen; en (d) de termen
’potentiële niche’ en ’gerealiseerde niche’ te gebruiken voor de verzameling hulpbronnen die
individuen van een bepaalde soort kunnen exploiteren, respectievelijk de (deel-)verzameling
van hulpbronnen die individuen van deze soort daadwerkelijk exploiteren. Het laatste betekent
dat de niche van een soort gelijk is aan de restrictie van de habitat van de soort tot
hulpbronnen. Bovendien moet binnen het begrip ’gerealiseerde niche’ nog een onderscheid
worden gemaakt tussen de 0-de, 1-ste en S-de partiële niches die individuen van een soort
realiseren wanneer zij, respectievelijk, geen intra- en interspecifieke, alleen intraspecifieke,
en zowel intra- als interspecifieke dichtheidseffecten ondervinden.
Na deze conceptuele ophelderingen heb in hoodstuk 11 mijn stelling kunnen toelichten dat
er ook in de ecologie, holisme-reductionisme discussies ten spijt, sprake is van samenwerking
van holistische en reductionistische onderzoeksprogramma’s. Als voorbeeld heb ik de reductie
van het klassieke competitie-model van Lotka en Volterra tot de moderne niche theorie
besproken. Het Lotka/Volterra-model is een fenomenologisch (holistisch) model: het beschrijft
de mogelijke effecten van competitie tussen twee soorten (in termen van competitieve
uitsluiting of coexistentie). Omdat het een fenomenologisch model is, roept het de vraag op
naar een diepere verklaring van deze effecten, naar een mechanisme dat eraan ten grondslag
ligt. Deze diepere verklaring wordt geleverd door de moderne niche theorie. Dit is een
mechanistische theorie, waarin zowel de objecten van competitie (hulpbronnen) als een
mechanisme (exploitatie van hulpbronnen door twee of meer soorten) wordt gespecificeerd.
De reductie werd mogelijk toen bleek dat de term ’draagkracht’ ("carrying capacity") in het
Lotka/Volterra-model, dat staat voor de evenwicht-dichtheid van een populatie, ook kan
worden geschreven als het quotiënt van de beschikbaarheid van een bepaalde hulpbron en de
gemiddelde snelheid waarmee individuen van een soort deze hulpbron consumeren. Daarnaast
waren twee aggregatie-thesen nodig, waarin wordt gesommeerd over alternatieve hulpbronnen
en over individuen die alternatieve hulpbronnen exploiteren. De reductie is dus een mooi
voorbeeld van heterogene micro-reductie in de ecologie. Het is tevens een mooie illustratie
van mijn stelling: in de reductie speelde het Lotka/Volterra-model de rol van holistisch
gidsprogramma en de moderne niche theorie de rol van reductionistisch (reductief)
toeleveringsprogramma.
In hoofdstuk 12 heb ik een ander voorbeeld besproken in de vorm van de (approximatieve)
reductie van MacArthur en Wilson’s evenwicht-theorie van de eiland biogeografie. Dit is een
eenvoudig holistisch model, waarin wordt aangenomen dat het aantal soorten op eilanden
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wordt bepaald door twee processen, namelijk de immigratiesnelheid en de extinctiesnelheid
van soorten, en dat de immigratiesnelheid alleen afhangt van de afstand van een eiland (tot
het vasteland of een andere potentiële invasiebron) en dat de extinctiesnelheid alleen afhangt
van de oppervlakte van een eiland. Dit model is van grote unificerende en vooral ook
heuristische waarde geweest, maar bleek in de loop der tijd iets te simpel te zijn en op
onderdelen te moeten worden gecorrigeerd. Er blijkt interferentie tussen oppervlakte en
afstand te kunnen optreden, en onder beide termen blijken diverse factoren te kunnen
schuilgaan die, al dan niet in wisselwerking, de immigratie- en extinctiesnelheid van soorten
bepalen. Recent onderzoek in de eiland biogeografie is vooral gericht op analyses van deze
factoren.
Het model van MacArthur en Wilson kan daarom goed worden gezien als een idealisatie
(eerste benadering), die door latere onderzoeksprogramma’s is geconcretiseerd (oftewel, op
onderdelen is gecorrigeerd). Aangezien deze concretiseringen een reductief (zij het
approximatief) karakter hebben, kan ook in deze structuur van idealisatie en concretisering
een vorm van samenwerking van holistische en reductionistische onderzoeksprogramma’s
worden herkend. Een filosofisch interessante neven-conclusie hieruit is dat het model van
idealisatie en concretisering dus niet alleen van toepassing is op ontwikkelingen binnen een
programma, maar ook op relaties tussen onderzoeksprogramma’s.
In hoofdstuk 13 heb ik een voorbeeld besproken van de remmende invloed die de holismereductionisme tegenstelling kan hebben op de groei van kennis. Dit voorbeeld betreft een
controverse over de rol van interspecifieke competitie bij de structurering van (eiland-)
gemeenschappen versus ’random’ immigratie en kolonisatie van eilanden door soorten. Deze
controverse heeft ongeveer tien jaar geduurd, lijkt eerder te zijn doodgebloed dan beslecht,
en heeft inhoudelijk niets nieuws opgeleverd. Ik heb laten zien dat de controverse
voornamelijk is gevoed door verschillende, in casu holistische en reductionistische visies op
gemeenschappen (door competitie gestructureerde gehelen respectievelijk toevallige
aggregaties van ’delen’). Hoewel dit een probleem vormt voor mijn stelling, heb ik betoogd
dat de controverse uiteindelijk kan worden opgelost, en in zekere zin is opgelost, op een wijze
die mijn stelling corroboreert. De structuur van de onderzochte gemeenschappen blijkt
namelijk enerzijds significant niet-random te zijn, maar anderzijds grotendeels (microreductief) te kunnen worden verklaard in termen van eigenschappen van individuele soorten
en eilanden, en voor een kleine deel door competitie.
In de epiloog, tot slot, heb ik een aantal resterende problemen gesignaleerd, die interessant
zijn voor vervolg-onderzoek. Deze hangen samen met (1) de vraag of ecologische wetten niet
veeleer beperkt of specifiek zijn dan algemeen of universeel; (2) de vraag of reductie in de
ecologie niet vaker geschied met behulp diverse micro-theoriën dan met behulp van één
micro-theorie (zoals in huidige reductie-modellen wordt aangenomen); en (3) de vraag naar
de mogelijke relatie tussen de eerste twee punten.
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