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Contemporary Ideas in Physics and
Biology in Gottlieb’s Psychology
Ty Partridge and Gary Greenberg

Gilbert Gottlieb was among the leading theorists in all of psychology and his
imprint on contemporary developmental science generally and to developmental
psychobiology and comparative psychology in particular is difficult to overstate. In
many ways Gottlieb’s early formulations (e.g., Gottlieb, 1973, 1984, 1985) regarding
the dynamic multilevel transactions integrating biology and ecology in the course
of development were prescient of major advances in the field resulting from
empirical findings in molecular genetics and cell development along with conceptual and methodological tools from nonlinear dynamic systems and complex
adaptive systems theory. As such, in this chapter, we have tried to demonstrate
explicitly these linkages between Gilbert Gottlieb’s work and contemporary ideas
issuing forth from nonlinear dynamic systems theory and complex adaptive
systems theory. In fond appreciation for Gilbert’s singular gift of placing the
long-standing dispute between geneocentric perspectives and contextual perspectives regarding the role of biology and ecology in development (see Gottlieb (1992)
for an excellent example), we also pursue the historical development of the main
theoretical points addressed in this essay.

Emergence, Self-Organization, and Hierarchy
It is not unfair to state that since adopting the paradigm of science in the late 19th
century psychology has suffered a severe case of physics envy (e.g., Heylighen,
Cilliers, & Gershonson, 2007). The early experimentalists such as Wundt and James
wanted the new science of psychology to be a natural science, and so emulated the
techniques and philosophy of physics. Indeed, behavior was understood by them to
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be as natural a phenomenon as rolling balls down inclined planes was for Galileo.
Thus, early scientific psychology was atomistic (structuralism), Darwinian (functionalism), and mechanistic (behaviorism). Late 19th- and 20th-century psychology
is now understood to have been materialistic, positivistic, and reductionistic. In this
Newtonian world, there is no place for novelty – everything that exists has always
existed, though perhaps in different forms (Heylighen et al., 2007). However, just as
this approach in physics and the other sciences has failed to live up to its initial
promise and has since given way to a more holistic, field oriented, and contextual
paradigm (Davies & Gribbin, 1992; Goodwin, 1994; Kauffman, 2000; Sheldrake, 1995), so psychology too has begun to give up its adherence to an old
fashioned physics and has made inroads into this newly emerging scientific
paradigm (e.g., Chorover, 1990; Lerner, 2002). This new perspective, and its
extremely broad application, can be summarized as follows:
since the 1960s, an increasing amount of experimental data. . . imposes a new attitude
concerning the description of nature. Such ordinary systems as a layer of fluid or a
mixture of chemical products can generate, under appropriate conditions, a multitude of self-organisation phenomena on a macroscopic scale – a scale orders of
magnitude larger than the range of fundamental interactions – in the form of spatial
patterns or temporal rhythms. . .. [Such states of matter] provide the natural
archetypes for understanding a large body of phenomena in branches which
traditionally were outside the realm of physics, such as turbulence, the circulation
of the atmosphere and the oceans, plate tectonics, glaciations, and other forces that
shape our natural environment; or, even, the emergence of self-replicating systems
capable of storing and generating information, embryonic development, the electrical activity of the brain, or the behavior of populations in an ecosystem or in
economic development. (Nicolis, 1989, p. 316)

While psychology comes late to a full-blown adoption of this new perspective in
science, there are seeds of these ideas in the writings of Lloyd Morgan (1923) on
emergent evolution, J. R. Kantor on interbehaviorism (1959; Pronko, 1980), and
T. C. Schneirla on behavioral levels (Aronson, Tobach, Rosenblatt, & Lehrman, 1972). Contemporary biologists such as Brian Goodwin (1994) and Stuart
Kauffman (1993, 1995) have elucidated the linkages between developmental
psychobiology and newly emerging concepts of complex adaptive systems and
self organization (Prigogine & Stengers, 1984). Indeed, systems thinking is
now even playing a role in medicine (Ahn, Tewari, Poon, & Phillips, 2006). In
psychology this approach is the hallmark of developmental psychobiology (e.g.,
Michel and Moore, 1995), developmental systems theory (e.g., Ford & Lerner,
1992; Oyama, Griffiths, & Gray, 2001), and the probabilistic epigenesis of Gilbert
Gottlieb (e.g., 1992, 1997), the main focus of this chapter.
There are three crucial linkages among these diverse ideas: the important
organizing principle of integrative levels, the idea that there is a tendency towards
increased complexity with evolutionary advance, and the contextual nature of
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behavioral events. A synthesis of these three ideas leads to a developmental
perspective in which behavior is seen to be the result of the fusion of biological and
psychosocial factors, by probabilistic epigenetic events rather than by preprogrammed genetic or other biochemical ones (Gottlieb, 1992, 1984; Kuo, 1967). The
physics model of this is referred to as “nonlinear dynamic systems theory.” Used in
psychology it provides a theoretically consistent language with which to describe
and analyze behavioral development (Michel & Moore, 1995; Novak, 1996).
Nonlinear dynamics contains a lexicon of concepts pertaining to change
processes over time that does not exist in any other known theoretical system.
Dynamical models allow us to compare and contrast seemingly unrelated phenomena that often share common dynamical structures. Nonlinear dynamics and
complex systems analysis are continuing to help revolutionize our understanding
in many of the life sciences. While these ideas are just beginning to find their way
into mainstream psychology (Boker, 2001; Damon & Lerner, 2001; Newell &
Molenaar, 1998, Sulis & Trofimova, 2000) they are not yet widely accepted, and
indeed, much of psychology is still dominated by the reductionistic model – this is
certainly true of Evolutionary Psychology (e.g., Buss, 2005; Pinker, 2002), which
reduces behavior to brain modules and inherited genetic factors.
The overall situation in the traditional sciences was summarized by Stuart
Kauffman (1993, p. 173), a leading figure in the widespread application of these
ideas, as follows:
Eighteenth-century science, following the Newtonian revolution, has been characterized as developing the sciences of organized simplicity, nineteenth-century
science, via statistical mechanics, as focusing on disorganized complexity, and
twentieth and twenty-first-century as confronting organized complexity.

By the 1980s it was possible to refer to these developments as complexity science.
Its fundamental aspects include non-linear dynamics and statistical mechanics,
computer science, developmental evolutionary biology, and the application of
these ideas to higher levels of behavioral organization (Heylighen et al., 2007).

Hierarchy
A crucial idea is the view that the universe is ordered as a family of hierarchies in
which natural phenomena exist in levels of increasing organization and complexity.
Indeed, the sciences themselves have been divided into areas of study based on
these qualitative changes in complexity of organization, with physics and chemistry
addressing the lower levels of complexity and biology, psychology, and sociology
addressing higher levels of complexity (see Feibleman, 1954). Gell-Mann (1994)
refers to this hierarchical nature of the sciences by raising the question of which
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science is the fundamental one, “science A is more fundamental than science B
when. . . the laws of science A encompass in principle the phenomena and laws of
science B. . .” (p. 109). Novak (1996) refers to this hierarchy as a “continuum of
scientific disciplines” (p. 4). The hierarchical nature of phenomena is illustrated in
Box 7.1 and summarized by Aronson (1984, p. 66) thus:
[The levels concept]. . . is a view of the universe as a family of hierarchies in which
natural phenomena exist in levels of increasing organization and complexity.
Associated with this concept is the important corollary that these successions of
levels are the products of evolution. Herein lies the parallel with anagenesis.

Anagenesis recognizes the role played in psychology by the evolution of
increasing complex biological forms, especially nervous systems (Greenberg, 1995;
Greenberg, Partridge, Weiss, & Haraway, 1999). It is of interest to note that in the
mid 20th century it was popular to criticize comparative psychology for not having
a theoretical framework (e.g., Hodos & Campbell, 1969)

Box 7.1. Hierarchies
Anthropology
Sociology
Psychology
Biology
Chemistry
Physics
Mathematics

Organism
Organ
Tissue
Cell
Organelle
Molecule
Atom

Gilbert Gottlieb was one of the few to take issue with this: “There is a theory in
comparative psychology, and that theory is a hierarchical classification of adaptive
behavior by grade [i.e., anagenetic analysis], independent of cladistic (i.e., genetic)
relationship” (1984, p. 454); and, “Anagenesis is of course not the only theory in
comparative psychology, but it has been a major one since at least as early as the
19th century” (1984, p. 449). Greenberg (1995) provided a summary of the role of
anagenesis in comparative psychology.
For our purposes it is important to emphasize that increasing complexity is so
pervasive a phenomenon that some have likened it to a second of law of evolution
after natural selection (Saunders & Ho, 1976, 1981, 1984). Many evolutionists have
adopted this line of thinking, including Stebbins (1969) who suggested that we can
recognize at least eight major levels of complexity in the evolution of life (and
behavior) and Maynard Smith (Smith and Szathmary, 1999) who at different times
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has identified five or eight levels of complexity, though he associated each with
degrees of organization of genetic material. The important point to be made here is
that there is a hierarchy of levels of increasing complexity and organization in the
evolution of life, and not that there are five or eight such levels. This was recognized
earlier by Pringle (1951), who noted that, “The characteristic of living systems
which distinguishes them most clearly from the non-living is their property of
progressing by the process which is called evolution from less to more complex
states of organization” (p. 175). It is worth pointing out that while complexity is not
easily defined, it still plays a crucial role in modern evolutionary biology
(McShea, 1996). For a thorough treatment of complexity in nature see Chaisson (2001). With respect to the application of complexity to development in
psychology the following statement by Arthur (1993, p. 144) is telling: “The writer
Peter Matthiessen once said, ‘The secret of well-being is simplicity.’ True. Yet the
secret of evolution is the continual emergence of complexity. Simplicity brings a
spareness, a grit; it cuts the fat. Yet complexity makes organisms like us possible in
the first place.”
Of course we recognize that this is not only a controversial issue, it is as well
a contentious one, debate frequently occurring from ideological perspectives
(Lewin, 1992). We find the statement by Bonner (1988, pp. 5–6) to best reflect
our position:
There is an interesting blind spot among biologists. While we readily admit that the
first organisms were bacteria-like and that the most complex organism of all is our
kind, it is considered bad form to take this as any kind of progression. . .. It is quite
permissible for the paleontologist to refer to strata as upper and lower, for they are
literally above and below each other. . . But these fossil organisms in the lower strata
will, in general, be more primitive in structure as well as belong to a fauna and flora of
earlier times, so in this sense “lower” and “higher” are quite acceptable terms. . .. But
one is flirting with sin if one says a worm is a lower animal and a vertebrate a higher
animal, even though their fossil origins will be found in lower and higher strata.

Bonner’s book is an exposition on the evolution of biological complexity, a
phenomenon he likens to a “law” of evolution.
Schneirla’s concept of behavioral levels, described systematically in a paper
written with his colleague and student Ethel Tobach (Tobach & Schneirla, 1968), is
derived from the concept of integrative levels. This concept served as an organizing
theme to explain the full range of behavior across the animal kingdom in a recent
book (Greenberg & Haraway, 2002). The behavioral levels are separated into two
groups, one at which biological factors dominate behavior and one at which
psychological principles become important. The levels originally proposed are:
1.

Taxis: At this level behavior is under immediate stimulus control, such as in
the case of a moth flying towards a light source.
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Biotaxis: At this next, higher, level behavior is influenced not only by the
immediate presence of a stimulus but also by the presence of biochemical
sequelae from other organisms, that is, by the presence of stimulation which is
a concomitant of the presence of other organisms. An example is the sexual
attraction of male moths to pheromones secreted by females.
Biosocial: At this level the social interaction of groups of animals plays an
important role in organizing and regulating behavior. Among Schneirla’s
research contributions was his analysis of the behavior of army ants, whose
cyclic activity was seen to be a result of reciprocal social stimulation provided
by the enormous number of individuals in an ant colony. One might study the
behavior of individual ants fruitlessly to discern the source of their cyclical
behavior pattern, which is displayed only when ants are together in large
numbers (e.g., Gordon, 1988, 1997).
Psychotaxis: At this level mediation by past experience enters into the
behavioral equation, and behavior is no longer tied only to the immediate
presence of a stimulus. Thus, an animal’s current behavior may be affected by
an earlier history of experiential effects. In their analysis of cat/kitten behavior,
Rosenblatt and Schneirla (1962) showed that the relationship between infant
and mother is founded in biotactic responses – the kitten orients to the mother
by means of tactile and olfactory stimuli – but higher-order phenomena such as
learning and reinforcement play an important role in later stages of that
relationship.
Psychosocial: Behavior organized at this level is represented by the complex
social bonds and social behaviors which are characteristic of advanced
vertebrates. For example, among primates, lasting social bonds result from
complex biosocial and biotactic interactions between an infant and a mother
such as those involved in rocking, providing of contact comfort (Harlow, 1958),
and nursing. Primate social behavior is organized at this level, and we
(Greenberg et al., 1999) have proposed further subdividing this level into
three separate behavioral grades distinguished by the nature of communication complexity: a communication only, non-language level (e.g., vervet
monkeys); a proto-language level (e.g., chimpanzees and bonobos); and a
true language level (only H. sapiens).

Emergence
The demarcations and transitions between the levels of organization listed in
Box 7.1 and the behavioral levels described by Tobach and Schneirla (1968) are
nonlinear and probabilistically discontinuous. As the number of components or
events at each level increases (i.e., as complexity increases) a critical ratio of
component number and component interconnectivity results. At this critical ratio
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the system displays molar level stability and micro level instability. In other words,
the behavior of individual components within the system is volatile, but the global
“structure” of the system as a whole is stable. This property of global stability and
internal instability allows these systems, which Kauffman (1993, 2000) refers to as
being “poised at the edge of chaos,” to be quite adaptable to changing environmental pressures and contingencies making them ideal for flourishing under
principles of natural selection. There are thresholds of organizational complexity
at which small quantitative increases result in qualitative discontinuities (i.e.,
levels) resulting in the appearance of new levels. In dynamic systems this is known
as a “phase transition.”
A phase transition results in a new and more complex level of organization. No
new inputs are required. Rather, the new level arises from a reorganization of the
old elements and is characterized by a new whole, even though there are no new
elements. The new whole demonstrates new properties not apparent prior to the
transition. These new properties are said to emerge from the reorganization of the
old elements. Emergence is often thought of as some sort of mystical concept. For
example, the notion that consciousness emerges from complex neural functioning
is understood by some to invoke a “vital” force that is somehow added to the mix.
This misunderstanding stems from a confusion in ascribing properties to levels.
Even Francis Crick acknowledged this seemingly mystical aspect of emergence
(Crick, 1994), though he went on to refer to its scientific meaning.
When asking someone favorable to the notion of emergence about the concept,
they often reply that it means “a whole is different from the sum of its parts.” While
this statement is true, it contributes to the misunderstanding. Language, for
example, can be understood to be an emergent property of the dynamic interplay
of a number of factors including neocortical size relative to body size, social and
cultural complexity, and abstract reasoning ability. Taken improperly, emergence
in this context is taken to mean that language would be due to the additive effects of
these factors plus the “emergent factor.” The emergent factor here would be taken
to be an independent property that is added to the mix as the necessary component
to produce language and is often ascribed vitalistic properties. To the contrary,
however, the emergent property is not a property at the level of individual
components of a system. Rather, it is a property of the entire system. In the
absence of that system there is no emergent property. Put another way, concepts
which are referred to as emergent (i.e., language, social behavior, symbolic
thought, etc.) are not entities, but rather are processes of collections of entities.
Contemporary cognitive scientists understand mental phenomena from this
perspective; mind, thus, is conceptualized by some to be an emergent property
of the organism’s nervous and other critical systems. (Bunge, 1980; Sperry, 1987).
The unique properties of water that arise when hydrogen and oxygen are
combined two parts to one and catalyzed with a spark is one common example of
emergence. These chemicals simply become water in the right context, that is, the
presence of electricity. The emergent properties of water are not separate from, but
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are part of, the system, hydrogen-oxygen-electricity. The properties of water are
not inherent in the properties of any component of that system. Similarly, chlorine
gas is highly toxic and sodium burns when immersed in water. Yet sodium chloride,
an essential ingredient in our diet is just that – chlorine and sodium – which take on
different properties when organized as common salt (Novak, 1996).
This then is what we mean when we refer to emergent properties (e.g., “A
significant aspect of nonequilibrium physics and self-organisation is the emergence
of new levels of description brought about by the underlying dynamics” Nicolis, 1989,
p. 341). Another crucial aspect of what we mean when we talk about emergence is
what could be referred to as the emergent event. The concepts of state-space,
attractors, and phase transitions provide a useful language for understanding what
we mean here. All systems are comprised of organized components. Each
component has variable attributes, but for simplicity sake let us assume that each
component has only one variable attribute and that attribute varies between only
two states (e.g., on and off). We can define a state-space for that system as the total
number of combinations of component values. For example a system with only
two components, each of which could be either on or off, could only exist in the
following states: on–on, on–off, off–on, off–off. This then is the total state space for
that system. However, most complex systems do not exist – and are not capable of
existing – in every possible state in their state-space. For example, in our simple
system “on-on” may not be very likely.
The sub-set of states most frequently occupied by a system are referred to as
attractors. To use the water example again, water, as an organized system of
hydrogen, oxygen, and electricity, has three attractors: ice, liquid water, and steam.
A phase transition takes place when the system jumps from one attractor to
another, as when water goes from liquid form to gaseous form (steam). This
transition can be referred to as emergent because there is no in-between stage, and
the properties of steam and liquid water are qualitatively different. Thus, when we
conceptualize language as emergent from increased brain complexity, symbolic
reasoning ability, and social complexity, we are concluding that there is a
qualitative “leap” from non-language, or proto-language, to “true” language.
As we stated above, while emergence is only now finding its way into the routine
lexicon of science, the idea is not new. A good summary of the history of emergent
thinking in psychology is provided by Sawyer (2002). He shows that the roots of this
line of thinking lie in 19th century organicism – that an organism is more than
merely the sum of its parts and that it depends on the structural arrangement of its
parts, its organization. And, of course, the holism of the Gestalt psychologists was
steeped in emergent thought. [It is of interest to note that Smuts (1926) apparently
was the first to use the term holism which he defined in the Gestalt way as wholes
being greater than the sum of their parts.] In 1941 the increasing influence of the
concept of integrative levels resulted in a symposium at the University of Chicago
(Redfield, 1942). Papers presented there included Hyman’s “The Transition from
the Unicellular to the Multicellular Individual;” Gerard’s treatment of “Higher
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Levels of Integration;” Jennings’, “The Transition from the Individual to the Social
Level;” Carpenter’s, “Societies of Monkeys and Apes;” and several others. More
recently, Goldstein (1999) has discussed the history of emergence as a scientific
construct in a new journal, aptly titled, Emergence.
Having worked from this perspective for the entirety of our careers, we are
quite at home with these ideas. Others still have difficulty accepting the idea of
emergence, suggesting that it has an almost “mystical” quality. However, though
emergent phenomena appear to be results without apparent causes, “there is
nothing mystical, magical or unscientific about it” (Fromm, 2005b). Goldstein
(1999, p. 49) provides a workable definition: “Emergence. . . refers to the arising
of novel and coherent structures, patterns, and properties during the process of
self-organization in complex systems.” Even the idea of self-organization troubles
some contemporary scientists. But, these ideas are now well accepted in
contemporary physics (Davies, 1989). Indeed, the core concept behind selforganization is understood to be that of emergence (Fromm, 2005a, 2005b). It
is the application of such concepts to new areas of science and to scientists
unfamiliar with them that leads to skepticism.
Einstein himself wrestled with the new ideas of quantum physics, unable to
accept that some events are indeterminate, that there must be some as yet
undiscovered underlying causes of all events. There is a parallel here with
emergence and complex systems as alternatives to reductionistic analyses. Where
do these new wholes come from, these newly emerging properties and structures –
and how can events self-organize? It was Newton who said he makes no hypotheses
about gravity – it just is. And so it is with self-organization. An implication of Big
Bang cosmology, is that given enough time, hydrogen and helium become sentient
beings (Bryson, 2003; Singh, 2005).
It has to be stressed that the existence of chaotic outcomes of this kind does not
involve an abandonment of causality in principle. If we could measure to the degree of
accuracy we need then we could model the system, albeit in non-linear terms, and
then we could predict what the outcome of changes would be. In practice we can’t. It
is precisely this practical limit – that word “limit” – which seems to set a boundary on
science and science derived technology. (Byrne, 1998, p. 19)

We refer the reader to Goldstein’s (1999) treatment for a thorough discussion of
this aspect of the topic.
Suffice it to say, that for our purposes, applied to psychology, we can identify
emergent phenomena by several criteria: they display radical novelty – features not
present in the underlying complex system; they display coherence or correlation –
they have a unity over time; they exist at the global or macro level and not at all at
the underlying micro level; they are dynamical, arising as a result of the dynamic
interplay of underlying micro events; and they are ostensive – they really exist and
are observable.
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The contentious debate between reductionistic and holistic orientations regarding the fundamental nature of scientific explanations is one of the more
longstanding debates in the philosophy of science. The concept of emergence as it
turns out is perhaps the most important construct in the entire debate, but not in
the manner in which we may have thought. As with most longstanding debates the
argument between determinism and holism has been characterized by strawman
attacks and a difficulty in finding a clear articulation of the exact nature of the
conflict. Frequently, the debate has been couched in terms of deterministic vs.
probabilistic models of causality. The reductionist approach is allied with a
deterministic understanding of causality and the holistic approach applies a more
probabilistic interpretation of causality. However, this debate tends to be obfuscating. There are very few adherents to strict determinism still operating in
science. Indeed, even the most fundamental of all reductionistic scientific enterprises – the search for a universal theory in particle physics, which would unite
our theoretical understanding of the physical universe from the very smallest of
scales to the very largest of scales – is firmly entrenched in a probabilistic field
calculus.
The other common debate regards the flow of causal information. Reductionist
approaches are characterized as arguing that the flow of causality runs from the parts
to the whole. Considering brain behavior relationships for example, a reductionistic
account could employ a probabilistic causal model and even a complex “causal
network” among brain regions, yet functional neural structure will always be
considered primal in terms of causal relationships with behavioral functions. In
contrast, a holistic approach would incorporate such neural structures into a broader
multilevel causal network in which causal interdependencies would flow from both
part to whole (i.e., neural organization to behavior) and from whole to part (i.e,
behavior to neural organization) – that is, “downward causation” (Campbell, 1990).
For example, an individual’s behavior is influenced not only by its neurophysiological processes, but also by its societal rules and regulations. This latter type of
argument comes closer to reflecting the fundamental differences between reductionistic and holistic approaches to science. However, the concept of emergence,
which is the keystone to most holistic approaches, implies a much deeper distinction
between these two philosophical approaches. This more central distinction has to do
with the computability of causal relations from parts to wholes.
The principle thesis of emergentist theorists and philosophers has been that even
with a full knowledge of all the lower order parts and their potential relationships,
the laws of the higher order wholes cannot be deduced. For example, emergentists
often argue that even armed with the full sequence of the human genome and a full
understanding of the multiplicity of regulatory networks involved in protein
synthesis – a full understanding of even morphological phenotypes let alone
behavioral phenotypes, could not be ascertained. Likewise, even if all of the neural
circuits of the human brain could be sketched in a grand schematic and all of the
probabilistic rules governing the synaptic flow of information could be catalogued,
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emergentists claim that neuroscience would be no better prepared to predict
behavior. This has always been the defining claim of emergent holism and for the
better part of scientific history it has been the Achilles heel of the position. The
central and tacit assumption of the reductionist claim is that if we had a full
knowledge of the parts of a system such as the genome or the brain, along with the
rules governing their interrelationships then an algorithm could be derived which
could be used to predict the macro-behavior of the system – even if only in
probabilistic terms. Serving the reductionist argument is a long history of empirical
success at doing just this. Indeed, the entirety of the symbiotic relationship between
mathematics and science has been based on this assumption. And with this
symbiotic relationship reductionistic science has had the advantages of a formalized
logical system in which to base its claims. Of course, reductionism has a long and
successful history in science. We see merit in agreeing with Dennett’s (1995)
distinction between two forms of this: bland reductionism – the important study of
parts, which no scientist would deny; and greedy reductionism, which pushes the
idea to extremes, that everything can eventually be explained by physics, chemistry, and mathematics.
Emergentist approaches on the other hand have had to argue largely from
intuition and empirical observation. However, the exponential growth in computational power across the last two decades has given rise to not only a new domain
of science – the study of complex dynamic systems – but also an entirely new
formalized logic system. Modern science has largely been built on a calculus
comprised of continuous functions. In order to use these functions enormous
simplifying assumptions need to be made about the uniqueness of the constituent
parts being studied. When studying a system comprised of even a few discrete but
interdependent units this branch of mathematics becomes nearly intractable.
Consider the difficulty inherent in the three-body problem for example. Newton’s
laws of gravity work quite well for two bodies, but put at third body into the system
and it becomes nearly impossible to solve.
Mayr (1985) has pointed out that while emergence is a key to understanding how
complex systems develop from simpler ones, it plays a crucial role in living
organisms: “Such emergence is quite universal, occurring of course in inanimate
systems, but it nowhere else plays the important role that it does in living systems”
(p. 58). While the idea of emergence plays an important role in contemporary science
it has been discussed since the late 19th and early 20th centuries (e.g., Morgan, 1901).
Karl Popper (1974) pointed out that, “We live in a universe of emergent novelty”
(p. 282). As we have pointed out earlier, there is also a downward causation aspect to
emergence, consistent with the integrative levels model of science, the hierarchical
or layered view of the universe of events (Kim, 1999). As Kim (1999, p. 24) explains
this, “life and consciousness, emergent properties out of physicochemical and neural
properties respectively, have a causal flow of events at the lower levels, levels from
which they emerge. That of course is downward causation.” This idea is also
consistent with the idea of epigenesis in development, that events and processes
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at all levels effect events and processes at all levels – the bidirectional model favored
by Gottlieb. Heylighen et al. (2007) suggest that despite almost every property that
matters to us is emergent (e.g., beauty, life, status), science ignored emergence and
holism for so long because of the success of the Newtonian model.
Wolfram (2002) has argued that computational algorithms provide an alternative symbolic system from which to analyze scientific problems. The primary
advantage of the algorithmic approach is that it can model complex interactions
among multiple discrete entities in a much more tractable manner than differential
calculus. In investigating the broad utility of an algorithmic approach to science
Wolfram (2002) has identified what is referred to as the principle of computational
irreducibility. Part of the success of differential calculus in science is that it provides
scientific laws in the form of a symbolic short-hand. In other words, a mathematical
evaluation of the equations allows the scientist to know with a relative degree of
certainty what the long range behavior of the system the equation describes will be.
For example, using Newton’s laws of motion we can calculate the state of our solar
system 200 billion years from now rather than having to wait 200 billion years to
find out. Unfortunately, the principle of computational irreducibility states that in
complex dynamic systems, even if the rules governing local interactions are
deterministic and simple, the long-run behavior of the system as a whole can
not be determined without running the system – we have to wait and see. Thus, the
behavior of the system is just not predictable from a complete knowledge of the
system components and their interactions. This is true even in computer simulations where the programmer defines the rules!
We conclude this section with a comment by Goldstein (1999, p. 60):
In effect, there seems to be no end to the emergence of emergents. Therefore, the
unpredictability of emergents will always be one step ahead of the ground won by
prediction and, accordingly, emergence will always stay one step ahead of the
provisionality argument. As a result, it seems that emergence is here to stay. Of
course, this doesn’t mean that there will be no great inroads into making the
unpredictability of emergence more predictable. Rather, it goes along with the
general reframing of the entire issue of predictability in scientific explanation that
complexity theory has begun. Similar to the role of the uncertainty principle in
quantum physics, the nonlinearity of the complex systems under investigation by
complexity theory introduces a degree of unpredictability that even in principle will
not completely yield to more and more probing.

Nonlinear Dynamic Complex Systems and the Role of Genes
in Behavioral Development
In the foregoing section we have introduced a number of key concepts that
distinguished the developmental and systems oriented theoretical perspectives that
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have characterized the last 50 years of research in comparative psychology and
developmental psychobiology. The implications of this theoretical orientation
extend far beyond these two traditional sub-disciplines to be sure. We have
consistently made the argument that utilizing the explanatory framework we
have outlined above impacts the substantive science of fields ranging from human
development, clinical psychology, social psychology, cognitive psychology, and
cognitive neuroscience (Greenberg et al., 2004). Indeed, we have made the claim
that this perspective represents a general psychology (e.g., Greenberg et al., 1999;
Greenberg et al., 2004) and is certainly, along with evolutionary psychology, the
only orientation laying claim to be a grand synthesizing theory, bringing all of
psychology under a common philosophical, meta-theoretical, and conceptual
rubric (Caporael, 2001). Perhaps it is because comparative psychologists, developmental psychobiologists, contemporary developmental psychology, and evolutionary psychology all have as a central focus the integration of phenomena across
multiple levels of analysis (i.e., biology, behavior, local ecology, culture) that there
is a recognition of the need for a broad synthesizing theory. Additionally, because
biology, which in its ultimate reduction is genetics, is central to these fields, it
comes as no surprise that the conceptualization of the role of the gene in behavior is
the cornerstone manifestation of these competing worldviews.

The Conceptual Foundations of Gene Theory
For thousands of years, at least since the beginnings of agrarian culture, human
beings have recognized that the traits of offspring resemble, in a predictable
manner, those of their parents and that this relationship holds true for both animal
and plant species (Provine, 2001). Indeed, the rise of modern society is largely
predicated on this insight which has allowed farmers to produce grains with higher
yields, fruits that are less susceptible to local disease and infestations, and higher
quality meat products (Diamond, 1997). It is in this agrarian past that modern
genetics has its origins (Provine, 2001). Mendel’s discovery that this parentoffspring predictability followed reliable statistical laws is one of the landmark
discoveries in modern science (Fisher, 1918; Gould, 1976). Yet, the rule-like
regularity with which phenotypic traits get passed from one generation to the
next has also led to one of the greatest debates in the history of science – the naturenurture debate. The crux of the dilemma stems from the fact that while patterns of
inheritance are reliably observed and can, with statistical estimations extending
from Mendel’s initial calculations, be predicted with some degree of accuracy; the
process or mechanism through which this statistical regularity occurs has remained
a mystery (Michel & Moore, 1995). We have deliberately avoided using the term
transmitted since it implies a mechanism for which there seems to be little more
than presumptive support.
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The genesis of contemporary gene theory is found in early scientific attempts to
resolve the unknown process which generated these statistical regularities between
parent and offspring traits. Contemporary gene theory was born out of an era when
the Newtonian mechanical universe was the dominant paradigm of science (or
natural philosophy, to which science was then referred). This worldview held that
the universe and all of its subsidiary features, such as plant and animal life, functioned
via the mechanical interactions of discrete and independent objects, be they atoms,
molecules, or as in the present case genes; causes were considered to be singular (i.e.,
there was one and only one actual cause for an event) and deterministic (see
Mazzocchi, 2008). Further, the explanation for most complex events was thought to
be found through a process of reducing the objects involved down to their most
fundamental and atomistic dimensions and then delineating the deterministic
transactions among those atomistic components. Within this philosophical backdrop, contemporary gene theory derived its key principles (see Gottlieb, 2006):
1.

2.

3.

Genes must be discrete causal agents “located” in the germ cells. This principle
is derived entirely from the Newtonian assumptions of linear, singular, and
deterministic causes. Indeed, it was a completely assumed a priori “given.” The
only empirical observations related to this principle were the basic, observable
aspects of sexual reproduction.
Genes behaved statistically “as if” they contained independent and unique
causal information, which additively combine to form the adult organism;
although there were no formal tests of this assumption. The logic being that if
our atomistic and additive conceptualization is true then the statistical properties of the organism would follow certain parameters; the statistical properties
follow these parameters; therefore our conceptualization of the gene is true.
Philosophers of science refer to this logical fallacy as “affirming the
consequent.”
Because traits are predictable from the statistical estimations of Mendel and
then later Fisher, both of whom did not include terms representing either
development or environmental variation; it was further asserted that the
causal information contained in genes was effectively isolated and independent
of external influence (either biological or ecological).

These key principles, variations of which are referred to as the central dogma of
molecular biology, soon became codified into the methodological operations of
quantitative genetics. At its inception, and indeed, until only very recently the gene,
seemingly so concrete and definitive a structure, was nothing more than a
hypothetical construct in a statistical equation (Burian, 1985). Even with the
discovery of the unique and highly functional structure of deoxynucleic acid (DNA)
by Watsonand Crick (1953), littlemore empiricallightwasshown onthe subjectthan
simply having a molecule with the kinds of properties through which the hypothetical gene might work. It has only been in the last decade or so that molecular biology
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has developed the methodological tools for inducing segments of DNA to
synthesize proteins and thereby identify a “biological gene” as opposed to a
“statistical gene” or what Moss (2002) refers to as a D-gene (for DNA) rather than a
P-gene (for phenotype inferred). It is worth noting that molecular biology has,
within just a few short years of reliably observing the action of genes, abandoned
the central dogma of genetics as untenable (e.g., Hsieh & Gage, 2004; Pelengaris
& Kahn, 2006). Albeit molecular biologists have shifted the locus of causal
information up the biological chain to the protein, shifting from genetics to
proteiomics. The assumptive logic has remained much the same, but it became
clear that genes simply did not function in the manner that many behavior
geneticists and evolutionary psychologists still assume to be the case. In fact, work
in stem cell biology takes contextual influences on gene synthesis to be foundational (e.g., Hsieh & Gage, 2004).
One of the key, and perhaps most damaging, outcomes of the historical
development of the gene concept is that not only did the assumptive base underlying
the central dogma become codified into the methodology of the discipline, but this
once hypothetical construct became reified in the statistical equations of quantitative geneticists and subsequently divorced from empirical observation. As evidence for this we note that there is not a single published study using a “genetically
informed design” in which a biological assessment of any kind has been undertaken.
There are no actual genes to be found in the methods section of quantitative
behavior genetics studies. Because of this empirical divorce, quantitative behavior
geneticists have persisted in their Newtonian belief of the hypothetical gene; even
when their molecular biology counterparts have abandoned the idea.

A Developmental Systems Perspective on the Role of Genes
in Development
Developmental psychobiology, which has close historical ties to both comparative
psychology and experimental embryology, was also impacted by the methodological limitation surrounding a pivotal construct that no one had ever empirically
measured. Chiefly, in the absence of an empirical gene, the field could only
indirectly infer an alternative view of the role of genes in development. Because of
the experimental tradition of developmental psychobiology, the arguments counter to the central dogma of genetics, such as those made by Gottlieb (2007), were
derived from a much stronger logical position. A large portion of this entire body of
empirical literature is comprised of studies which provide counterfactual evidence
to the central tenets of behavioral genetics.
One of the strongest of these arguments against the central dogma of genetics
is drawn from experimental findings supporting the norm-of-reaction concept
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Figure 7.1. Conceptual view of the norm of reaction concept.

(Platt & Sanislow, 1988; Michel & Tyler, 2007). The norm-of-reaction concept is a
relatively old concept in the field of embryology which states that phenotypic
variability is restricted in a population because the developmental ecology of a
population is relatively homogeneous (i.e., normalized) and that under conditions
of increased ecological variability there would be an associated increase in
phenotypic variability (see Gottlieb, 1992). This is in stark contrast to the reaction
range concept which posits genetic limits on phenotypic variability with a limited
range of variance due to environmental conditions (see Gottlieb, 1992). A central
idea is that there is substantial phenotypic plasticity latent in the genome and that it
is the developmental ecology that serves as the limiting or normalizing source of
phenotypic variance rather than the genome. An idealized version of this concept is
displayed in Figure 7.1.
There are several classic empirical examples of this effect, notable is the difference
in wing morphology in several species of Drosophila (e.g., D. Willistori, &
D. Melanagaster) (see Riziki, 1954; Dobzhansky & Spassky, 1944). As was the case
for the drosophila, differential temperature during embryonic development is a key
extra-genetic mechanism for affecting phenotypic outcomes. Temperature has been
shown to not only directly impact broad morphological outcomes (Kaplan &
Phillips, 2006), but also, molar developmental processes, including heterochronic
differences in development (Johnston & Wilson, 2006), as well as intra-cellular
processes such as, rates of diffusion, enzyme induced protein activity, and gene
expression (see Hochachka & Somero, 2002). Early experimental work on the
pluripotency of cell lines also provided counter-factual evidence to the central
dogma (see Gottlieb, 1992). Gould (1980) discussed this phenomenon in an article he
titled “Hen’s Teeth and Horses Toes.” Despite eons with neither, relatively simple
manipulations of fertilized eggs results in both – the genome is plastic enough to
allow this, which is impossible from the reaction range point of view.
Yet, the field was largely in the position of arguing what genes could not logically
do rather than what they in fact did; a much less appealing case. There were several
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gifted theorists, Gilbert Gottlieb (2007) being among them, who did articulate an
alternative to the central dogma, an alternative in which contexts and timing were
paramount; where the gene, while important, ought not be supreme though some
had called it mighty. This developmental-oriented theoretical perspective, the core
principles of which we discuss more fully below, differed from the standard central
dogma perspective on a number of levels. On a substantive level, based on
empirical observations, genes are considered to be participatory components of
a much broader biopsychosocial system. Genes were likely important factors in the
development of phenotypic traits; remember there had not been any empirical
investigation of a biological gene, but they could not serve as the reductive prime
cause. As such, it was inferred that the gene could have no independent causal
influence and rather worked through a causal interactions among variables in an
integrated hierarchy (see Weiss, 1959). Further, phenotypic development has been
shown to be highly probabilistic rather than deterministic, a result of the continual
dynamic transactions across development of biological, psychological, and ecological variables.

The Impasse between Genocentric and Developmental
Systems Perspectives
On a much deeper level, the theoretical perspective of Gottlieb and his predecessors
(e.g., Kuo, 1967; Schneirla, 1957) stood in stark contrast to the Newtonian world
view. Theirs was a perspective in which causes were multiply determined and
where multiple causal events could lead to the same outcome; a perspective in
which the idea of a deterministic cause was untenable; where hierarchical systems,
like organisms, were determined by the dynamic patterns of relationships among
their parts rather than by the additive attributes of their constituent parts. Change
and probabilistic systems were the currency of the universe rather than static
deterministic, clockworks. This perspective was born out of a larger scientific
zeitgeist ushered in by the quantum dynamics revolution in physics as we pointed
out above. Newtonian physics was out and Einstein and Heisenberg were the
minds of the new physics. This latter relationship between the philosophical and
theoretical revolution in physics and the theoretical framework of early comparative psychology and developmental psychobiology has important implications for
contemporary gene theory and the role of development in resolving the longintractable nature-nurture controversy. The argument between developmentally
oriented theorists, such as Gottlieb, and the central dogma oriented perspectives of
many behavior geneticists was played out without either side having empirical
knowledge of an actual biological gene. So, both sides based much of their
conceptualization on indirect inferences. And, while the counterfactual experimental evidence of developmental psychobiologists was particularly condemning
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for the central dogma perspective, which was on much weaker logical footing,
there was no methodological framework for laying out the developmental and
systems-oriented postulates of developmental psychobiology. As such, concepts
such as emergence, integrative levels, probabilistic epigenesis, horizontal and
vertical coactions, were relegated by opponents to being little more than descriptive heuristics.
Further, the methodological framework of Fisher (1918), Neyman & Pearson
(1933), and others working from a Newtonian based model had won out over
alternative, more dynamic perspectives such as that of Bayes (1763). Interestingly,
the Bayesian perspective failed to gain a foothold in early social science
largely because it was computationally intractable at the time. So despite being
conceptually tighter and more consistent with modern philosophy of science
perspectives it was not widely adopted as an inferential tool. However, with
contemporary computing power, the Bayesian perspective is the analytic bedrock
of complex systems theory. The result being that the dominant methodology was
better suited to the central dogma perspective of behavior genetics, providing the
illusion that this perspective had empirical support, despite the weakness of the
logic (affirming the consequent) and the lack of measurement of the key construct
in question (namely the gene).

Advances in Nonlinear Dynamic Systems Theory and their
Relation to the Role of Biology in Behavioral Development
However, because of the ascendancy in physics of quantum theory and growing
interest in modeling nonlinear dynamic systems, presumably due to their ubiquity
in nature, mathematical, conceptual, and methodological development which was
consistent with this perspective continued to develop concurrent with developments in comparative psychology and developmental psychobiology. These lines
of scholarship proceeded largely independently and unknown to each other for the
greater part of the 20th century. Then, at the end of the 1980s there was a resurgent
awareness by scientists in theoretical physics, looking for new phenomena with
which to refine their deductive mathematical models and scientists in theoretical
biology, developmental psychology, and economics with their inductively arrived
at conceptual frameworks, had both reached the same consensus via different
logical approaches. Concepts of dynamic complex systems, emergence, selforganization, symmetry breaking, and network causality were being incorporated
by both sets of scientific traditions.
As a result of this convergence of ideas, comparative and developmental
psychobiologists now have at their disposal a methodology that is commensurate
with their core theoretical principles. We find, now that not only do empirical data,
largely from experimental embryology and comparative psychology, indirectly
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support inferences about the role of integrated biopsychosocial systems in shaping
phenotypic outcomes, but our colleagues in theoretical physics and mathematics
working with mathematical models of biological systems have deductively demonstrated that these same principles hold widely. Further, there is now a set of
methodological tools with the capability of testing many of the developmental
systems postulates directly.
The concepts of hierarchy, integrative levels and systems, self-organization, and
emergence so central to the orientation that Gottlieb brought to psychology have
been rather fully developed over the last quarter century and are being employed
with considerable alacrity by molecular biologists, ecologists, and even economists.
The larger point here is that through experimental studies of developing organisms,
both pre- and post-natal, it became clear to developmental psychobiologists and
comparative psychologists that the conceptualization of the gene as held by the
central dogma was untenable; it would not explain their empirical findings. As such,
this set of experimental disciplines drew from new ideas in physics emerging at the
turn of the 20th century for an explanatory heuristic that was more consistent with
the findings of the field. Independently, but concurrently, theoretical physicists
were continuing to develop a mathematical formalism with which to test
hypotheses regarding the dynamics of hierarchically nested systems, complex
systems with no centralized controls, etc and also concluded that all systems, be
they computational (i.e., bits of information), physical, biological, or social
displayed exactly the properties suggested by early theorists in both of these
fields – both sets of disciplines; working from different approaches – one primarily
inductive, the other primarily deductive – found a convergent set of shared ideas
which have profoundly greater explanatory capability and parsimony than those
central to genocentric orientations like behavioral genetics and evolutionary
psychology.
One of the more important outcomes of this convergence is that we can
now specify hypotheses directly corresponding to the key principles of this
developmental systems perspective and test them using appropriate methodological tools. As molecular biologists are beginning to recognize “key notions
such as emergence, nonlinearity, and self-organization already offer conceptual
tools that can contribute to transform and improve science” (Mazzocchi, 2008,
p. 13). Linking these core concepts with analytic and methodological tools such
as the use of cellular automata (Wolfram, 2002), Bayesian network analyses
(Gill & Swartz, 2004), state and phase portraits (Kelso, 2000; Rand, Kapuniai,
Crowell, & Pearce, 2001; Van Geert 1998) State Space Grids (Granic &
Hollenstein, 2003; Lewis, Lamey, & Douglas, 1999); and nonlinear dynamic
systems approaches to longitudinal covariance models (e.g., Boker 2001; Nesselroade, 2006) is where the future of developmental science lies and, Gilbert
Gottlieb’s legacy will be, at least in part, his essential role in moving the entire
field through this conceptual paradigmatic shift on its way to becoming an
empirically mature science.
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Cellular Automata
So, how can we incorporate these methodologies into the study of developmental
psychobiology? As we have stated several times in this chapter, the concept of
emergence is perhaps the most central concept in our perspective and yet it is the
most analytically troubling. While we are primarily using the concept of
emergence to explain how biological factors and ecological factors, through
their transactions over development, give rise to complex behaviors, a host of
“systems” oriented disciplines are raising similar kinds of questions. Indeed, fields
ranging from economics to urban planning to biology are asking the same
question; how can local interactions between elements of a system give rise to
system level behaviors that are not “encoded” anywhere in the parts of the
system. As Wolfram (2002) noted, these systems are comprised of so many
interacting pieces that there is no calculus for predicting the state of the system at
some point in the future; one must simply watch the system and see where it
goes.
However, because of the enormity of reductionistic data on local interactions
that exists, we can build relatively complete computer models of the systems we
study and watch their dynamics unfold in computational time, which is substantially faster than real time. Doing so does two things, first it affords us the ability to
examine the macro-properties of a system and we know that those properties are
emergent because they were not encoded in our computer model. Second, it allows
us to assign probabilities to eventual system states and see how changes in the initial
conditions – the initial state of our computer model – affect those probabilities. And
indeed, our colleagues in related systems sciences have been profitably using these
models for the last decade. Sylva and Clarke (2002) have recently used cellular
automata-based models to identify likely growth patterns in urban areas in
Portugal. Economists have successfully used agent-based cellular automata models
to predict investor decisions with greater accuracy than more traditional, reductionistic models (Qui, Kandhai, & Sloot, 2007). Evolutionary biologists have
predicted emergent speciation patterns using these analytic approaches (Oxman,
Alon, & Dekel, 2008). And epidemiologists have used agent-based cellular automata models to successfully predict and elucidate viral outbreak patterns (Young,
Stark, & Kirschner, 2008). The one thing that all of these phenomena share with
each other as well as with many areas of study within developmental psychobiology, is that they are integrated systems comprised of many variables which are
interdependent on each other. There has been sufficient work using this methodology across multiple disciplines that Grimm et al., (2005) in a recent article in
Science presented an overview of an abstract modeling strategy referred to as
Pattern-Oriented Modeling, which has the aim of improving modeling procedures
across disciplines. It certainly seems that developmental psychobiology, as envisioned by Gottlieb and his many colleagues and students, is primed to benefit from
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adopting this analytical approach which has proven so useful to other systemsoriented disciplines.

Boolean Network Models
Like cellular automata, Boolean network analyses are concerned with understanding the dynamics of integrated systems. In these models, variables are
graphically represented by a node (similar to ovals in structural equation models
(SEMs)), the state of each variable is often represented as a binary code (i.e., genes
can be in state 1-synthesizing, or 0-inactive), and variables in the system are linked
graphically by lines which represent, conditional probabilities (similar to regression
path coefficients in SEM). These models allow for the analysis of the microdynamics of a system. The micro-dynamics include features like, the specific
relationships between variables, how the system becomes integrated over time,
and the dynamics of the system as a whole, such as becoming canalized. These
models have been highly useful in modeling neural systems, computer architecture, genetic regulatory networks, and social systems (e.g., Shmulevich, Dougherty, & Zhang, 2002). Like emergence, the notions of horizontal and vertical
coactions are central to the perspective that we share with Gottlieb. Traditional
ANOVA and regression-based models were designed to study variable sets that did
not have coactions. Yet, these network models are highly consistent mathematical
representations of the kinds of coactions within and across scales Gottlieb and
colleagues have proposed (Gottlieb, 2004).
One of the cornerstone concepts that we have discussed is that of emergence. An
important implication of the concept of emergence is that the level of analysis shifts
from the behavior of individual variables to the behavior of the entire system as a
whole. To extend this to the developmental psychobiology view of Gottlieb and
others, what matters for development is not the particular genes an individual
possesses, specific elements of the organism’s neurophysiology, or individual
aspects of the organism’s developmental ecology, but rather the interplay of the
entire system of variables over time. David Magnusson and his colleague Lars
Bergman have eloquently demonstrated that psychological science as a whole has
been dominated by a variable oriented perspective (e.g., Von Eye & Bergman, 2003;
Magnusson, 2000). Moreover, traditional measurement and analysis tools of the
field do not have the capacity to represent a system level perspective. In short, we
cannot study the behavior of integrated systems as a whole because we can not
observe the behavior of the system with traditional tools.

State Space and Phase Space
We, as a field then, need to begin to adopt measurement and analysis tools that are
tailored to such a systems view. State space and phase space portraits are emerging
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analytic tools for evaluating system-level properties and are being increasingly used
effectively by related disciplines such as ecology. The most direct analogue to these
two assessment tools, of which most developmental psychologist are familiar, is a
scatter plot. In a traditional two-variable scatter plot, the x-, and y-axes represent the
range of possible values of two random variables. The scatter of points on the plot
indicates the locations of all the joint occurrences of corresponding values for the
two variables. There are several important pieces of information that can be
obtained by examining such a scatter plot. If the entire plot is evenly covered with
points, then we know that the two variables have no structural relationship (i.e., a
low score on one variable yields no information about the likely value on the other
variable). However, if the points on the scatter plot are quite dense along a diagonal
line and sparse to non-existent everywhere else, then we can conclude that the two
variables have a strong structural relationship. We can also learn if the relationship
is linear or nonlinear. State space portraits are simply scatterplots, often on a
continuous scale, meaning that rather that the individual points are so closely
spaced that they look like continuous lines. An example can be seen in Figure 7.2.
While the scatter plots we are used to in psychology are bi-variate, state space
portraits are often high dimensional scatter plots, meaning that the include scores
about two or more variables simultaneously. We can learn a great deal about a
system by simply examining the state space portrait. State space portraits that
display organized patterns imply a highly integrated system, less organized patterns
imply a poorly integrated system. For example, a state space portrait that is
compacted within a restricted area of the total space available suggests that the
system has become canalyzed and is resistant to change – influencing only one
variable would likely have little change on the overall system. Embryologists and
cell biologists have repeatedly demonstrated morphological canalization across
development and one of the key factors in the system is genetic redundancy. We
have also learned that highly constrained biological systems as defined by narrow,
compact state spaces, are inflexible do not adapt easily to changes in the ecology – in
short, they are vulnerable.
The phase space portrait is a companion analysis to the state space portrait. The
key distinction is that the phase space portrait incorporates time. Again, think of a
bi-variate scatter plot, but instead of having all the points on the scatter plot at the
same time, imagine that they are plotted one at a time in a temporally ordered
sequence. Further, by including a directional arrow between each set of two points,
indicating which point came first, we can see how the behavior of the two variables
co-develop over time. The classic example of phase portrait analysis is that of the
prey-predator relationship. On one axis the number of prey animals is plotted and
on the other is plotted the number of preditor animals. Each point on the graph
represents the number of prey and predator animals at a given point in time and
with the use of directional arrows connecting the points we can see the dynamics of
the prey-predator system. There are a number of things that we can learn about this
system by examining the phase portrait. First, we can determine how sensitive the
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Figure 7.2. Heuristic depiction of range of phenotypic expression using a phase portrait of
the Lorenz equations.
Notes: In the figure is a phase portrait of the Lorenz Equations. In this diagram, each point
represents a heuristic representation of a phenotypic possibility. A phenotype being a
complex variable defined by the entire biopsychosocial attributes of an individual organism.
This is in contrast to a phenotypic trait, like eye color or wing pattern, etc.
The x-, y-, and z-axes represent hypothetical measures of the organism’s ecology. Simply
for illustrative purposes, let’s say that the x-axis is a measure of genetic background variance,
the y-axis is a measure of environmental context variance, and the z-axis represents variance
in developmental history for each organism. The diagonal line in the middle of the figure
represents what dynamic systems researchers refer to as the separatrix. As the bioecological
system supporting a given phenotype drifts away from this separatrix region the phenotype
is relatively robust to variation in either biological or ecological change; however, along the
separatrix even minor variations in the bioecology leads to dramatic phenotypic change.

prey and predator animals are to each other. If fluctuations in birth or death rates of
a prey species have a relatively small influence on the number of predator animals
then we know that this particular system is loosely coupled, and probably relatively
stable. However, if small changes in prey birth or death rates have a large impact on
the number of predator animals then we know that the prey-predator system is
tightly coupled and probably unstable. We also can assess the degree of dynamic
homeostasis or regularity of the system. This is a developmentally emergent
property of the system as a whole and can not be evaluated by deconstructing the
prey-preditor system and analyzing the two species separately. We can calculate
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statistical properties of the system as a whole such as the Lyapunov exponent,
which provides information on how far out in time the behavior of the system can
be accurately predicted. Again, the Lyapunov exponent is an emergent statistical
property of the system and cannot be determined by assessing the variability of the
individual variables comprising the system.
Over the last decade important advances have been made in adapting state space
and phase space portrait analyses to the level of data and measurement methodology common to psychology. Most psychophysiological data can be directly
analyzed using the aforementioned techniques (e.g., eeg). Esther Thelen and her
colleagues (e.g., Thelen and Smith, 1998) used state and phase portrait analytic
approaches to revolutionize the field of motor and perceptual development in
infancy. For the present, data at the behavioral level do not meet the requirements
of these approaches directly. Yet, important work adapting these analytic tools to
be better suited to traditional psychological data has substantially bridged that gap
(e.g., Lewis et al., 1999; Granic & Hollenstein, 2003). For example, Lewis
et al. (1999) characterized the developmental dynamics of two dimensions of
early childhood socioemotional development; intensity of distress and attention to
mother. The former is an index of emotional reactivity and the latter is an index of
the child’s attempt to regulate negative emotion via maternal contact. Using a two
dimensional ordinal state space grid yielded unparalleled insight into the dynamics
of infant emotional development – insight that was not feasible with more
traditional statistical analyses.
A full description of these methods is beyond the scope of this chapter. Rather the
aim here is to provide a brief description of a few of the analytic methods developed
to study the properties of nonlinear dynamic systems, how these methods have been
incorporated into related disciplines, and, most importantly, that the phenomena for
which these methods were designed to assess are conceptually identical to many of
the central concepts, which have, as a result of the work of Gilbert Gottlieb, become
foundational in contemporary developmental psychobiology.

Gilbert Gottlieb, Probabilistic Epigenesis and Developmental
Systems Theory
“Because a great deal of psychology is implicitly reductionist [e.g., cognitive
neuroscience, behavioral genetics, evolutionary psychology], emergence has
remained largely unexplored by mainstream psychologists” (Sawyer, 2002,
p. 24). However, the ideas discussed above, gleaned from current thinking in
physics and biology, play a crucial role in the psychology of Gilbert Gottlieb. He
was a pioneer in the late-20th-century growth of developmental systems theory, a
biopsychosocial point of view which is a synthesis of both developmental biology
and developmental psychology. The main ideas of this now important perspective
in psychology are that genes, and other biological processes, do not have primacy in
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explanations of behavior development. Rather, there is a bidirectional interaction
or fusion between external environmental and internal biological and physiological
events and process – development, from this perspective, is a process of emergence.
Indeed, the ideas we have discussed above – self-organization, complexity, and
emergence form the basis of Gottlieb’s dynamic systems approach in which
development is understood to be a continual, epigenetic process of emergence
(Sawyer, 2002; Smith, 2006).
Despite the success of development system theory, we agree with Sawyer (2002,
p. 24) that,
The mainstream of contemporary psychology seems to hold to a view of science
which is atomist and reductionist; many psychologists believe that psychology will
ultimately be unified with biology. Some of the most rapid growth in psychology
today has been in the most extremely reductionist paradigms: cognitive neuroscience, behavioral genetics, and evolutionary psychology.

However, Gottlieb has suggested that few psychologists, and in fact many
biologists, are simply unaware of recent developments in biology that render the
standard accepted models as no longer valid: “While this fact is not well known in
the social and behavioral sciences, it is surprising to find that it is also not widely
appreciated in biology proper. . .[!]” (Gottlieb, 2001a, p. 47). He was not alone in
this assessment as even a molecular biologist has noted (Strohman, 1997). This
point is underscored by Mazzocchi (2008, p. 11): “the reductionist approach can no
longer cope with both the enormous amount of information that comes from the
so-called ‘-omics’ sciences and technologies – genomics, proteomics, metabolomics
and so on – and the astonishing complexity that they reveal.”
We prefer to understand this failure to recognize these facts as reflecting part of
the sociology of science in which new ideas are seen as threatening (Barber, 1961;
Barnes, Bloor, & Henry, 1996) and thus ignored, or, perhaps, awaiting a new
paradigm that can accommodate them (Strohman, 1997). Indeed, the bidirectional
nature of gene action was acknowledged by Hull as early as 1972 who also noted it
to be ignored by his contemporaries, “we have, until now, all but ignored the effect
of the environment on genetic reactions. The same molecular structures behave
differently under different circumstances” (Hull, 1972, p. 498). This, of course, is a
key message in virtually all of Gottlieb’s later writings.
Gottlieb’s approach to psychology embodied four orienting ideas:
1.
2.

Behavior (as well as biology) is largely the result of developmental processes,
virtually from the moment of conception to death.
Behavioral neophenotypes refer to the drastic changes in behavioral development that can arise from significant alterations in the contextual conditions
of usual organismic development. Gottlieb cites as an example Kuo’s experiment in which the previously thought instinctive sexual behavior of male dogs
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was virtually reversed by controlling the experiential history of the animals.
Essential to the creation of neophenotypes are the timing, duration, and
quality of contextual alteration.
Norm of reaction (discussed above) which is contrasted with the concept of the
reaction-range. Largely as the result of mainstream evolutionary thinking,
which takes a neo-Haeckelian approach, it has been assumed that an organism’s genotype sets narrow limits on the range of phenotypic expression. This
line of thinking is referred to as the reaction-range concept. In contrast, the
norm of reaction concept assumes that there are no presupposed limits on
phenotypic expression. In this conception, genes are limited to a necessary role
but of a more limited ontogenetic significance than they have typically been
granted.
Non-obvious experiential precursors of behavior. Being a developmentalist,
and given his appreciation of the role of epigenetic processes in behavioral
development, Gottlieb was, of course, against the idea that behavior was in any
way instinctive, that is, programmed by the genes, a popular idea among
ethologists and even psychologists at the time he began his career. Rather,
Gottlieb believed that experiences formed the basis of all behaviors, though
those experiences were often non-obvious. “As for non obvious experiences,
who could have dreamed that squirrel monkeys’ innate fear of snakes derives
from their earlier experience with live insects (Masataka, 1994)? Or that chicks
perceiving meal worms as edible morsels is dependent on their having seen
their toes move (Wallman, 1979)” (Gottlieb, 2001b, p. 2)? Of course, the search
for these developmental precursors of behavior is arduous (Lerner, 2004). It is
not always easy to find such experiences; that is what renders them nonobvious. Kuo (1967), for example, examined 3,000 (!) developing chicken eggs
in examining the prenatal influences of the post-hatching pecking behavior.
Can what goes on in a developing egg be any more non obvious?

Probabilistic Epigenesis
Epigenesis is among the older concepts in developmental biology (see Woodger, 1929) standing as an ontological reaction against preformationism; a debate
that has been characterized as part of “one of the most important and difficult
antitheses involving. . . a large part of biological science” (Woodger, 1929, p. 334).
This concept was incorporated into psychology from its earliest days as an
emerging scientific discipline (e.g., Gessell, 1928), but the use of the epigenesis
concept in psychology was also enveloped in an ontological debate between
deterministic views of epigenetic processes, such as those characterized by Gessell,
Freud, Erikson, and later Ainsworth; and a probabilistic view of epigenesis. In both
cases, development is characterized as a continual process of increasing biological
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and behavioral complexity as a function of physical and psychological reorganization. As articulated by Bretherton and Ainsworth (1980, p. 316) deterministic
epigenesis “implies that an organism has some basic ground plan of development in
which different issues gain ascendancy at particular stages in development.” In stark
contrast to this view is that of probabilistic epigenesis. Probabilistic epigenesis
recognizes that there is no ground plan and that at each stage of development the
future path is understood to be the result of the dynamic interplay of a complex
array of biological and environmental factors. According to this view, while
development occurs within an environment, that environment is not benign, but
is rather the source of important influences on the course of development. Every
biological and behavioral feature, then, at every point in development, is the result
of a functional product of the dynamic relationship between the organism and all
features of its environment. Thus, in contrast to the deterministic version of
epigenesis, the “rules” governing the process of change from low complexity to
high complexity are neither “stored” in a specific place such as the genome, nor are
they independent of the developmental process. Rather, the “rules” of development are diffusely spread across the entire developmental system and are a product
of the developmental process itself. In other words, the “cause” of development is
the action of developing. This probabilistic epigenetic viewpoint is emerging as
“the” organizing principle of developmental cell biology in fields ranging from
embryonic stem cell biology (Hsieh & Gage, 2004) to oncology (Feinberg, Ohlsson
et al. 2006).
Probabilistic epigenesis has been described in a variety of ways, but none so well
put as that by Moltz (1965, p. 44):
An epigenetic approach holds that all response systems are synthesized during
ontogeny and that this synthesis involves the integrative influence of both intraorganic processes and extrinsic stimulative conditions. It considers gene effects to be
contingent on environmental conditions and regards the genotype as capable of
entering into different classes of relationships depending on the prevailing environmental context. In the epigeneticist’s view, the environment is not benignly
supportive, but actively implicated in determining the very structure and organization of each response system.

Behavior is understood here to be not predetermined by biology, but rather a result
of the organism’s past, present, and physiology. Behavior continues to grow and
develop from fertilization to death, and remains somewhat plastic or flexible
throughout life. There are no guarantees as to how an organism will turn out
behaviorally, since the interaction of the three sets of factors influencing organisms
may change as a result of unknown and unpredictable factors. Development is thus
“probabilistic” rather than predetermined to develop in one way or another. The
organism-environment exists as a fused unit, the influences between them being bidirectional (Gottlieb, 1992, 1997).
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In one of his earliest theoretical papers (actually written in 1965, although not
published until later), Gottlieb distinguished between predetermined and probabilistic epigenesis, the former firmly on the unbending nature side of the naturenurture issue. Thus, according to predetermined epigenesis “sensory stimulation
does not influence or determine the course of behavioral development in any
significant way” (Gottlieb, 1970, p. 112). This approach to behavior understands it
to be the outcome of biology (or nature), with very little influence at all of
experience (or nurture) (Gottlieb, 2001a). Gottlieb’s own work (1973), as well as
that of others (e.g., Kuo, 1967; Smotherman & Robinson, 1988) has shown that to
be simply wrong.
The alternative position explicated by and favored by Gottlieb, is that of
probabilistic epigenesis in which “behavioral development of individuals within
a given species does not follow an invariant or inevitable course, and, more
specifically, that the sequence and outcome of individual behavioral development
is probable. . . rather than certain” (2001a, p. 43). Indeed, this is seen now to hold
not just for behavior, but “is recognized in many quarters as a defining feature of
development” (Gottlieb, 2003, p. 341).
Two lessons that remained with Gottlieb from his graduate education were
the importance of prenatal development and the bidirectional nature of structurefunction relations (2001a). He never denied that genetics played a role in
structural and functional development, just that other factors were involved as
well [“genes are part of the developmental system” (2003, p. 345)], and that
structure-function relations were bidirectional. He was, in fact, among the first to
demonstrate that sensory stimulation enhanced gene expression in the duck
embryo. Indeed, at the time of that research, “there was only one other study in
the literature implicating exteroceptive influences on genetic activity”
(Gottlieb, 2001a, p, 46). However; over the past half-dozen years an enormous
amount of empirical work has demonstrated that the activity of genes is nearly
completely contextually determined. In a recent Nature: Genetics, review of
epigenetic processes in cell development, seven distinct post-translational processes were identified that influence gene activity (Spvakov & Fisher, 2007).
These multiple processes are just aspects of the “pillars of epigenetics” which
include DNA methylation, histone modifications, and RNA interference. In a
separate review, Hsieh and Gage (2004) again review a wide array of epigenetic
processes, ranging from chromatin structure, and noncoding RNA, to extracellular signaling systems, all of which influence genetic activity associated with
cell differentiation and development. Additionally, the forefront of behavioral
teratology research has begun to focus on extra-organismic factors which
influence these complex epigenetic regulatory processes linked to patterns of
gene expression. The converging findings from these multiple disciplines demonstrate strong support for the bi-directional processes or coactions both vertically
and horizontally as Gottlieb consistently argued.
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Comparative psychology is concerned with the development and evolution of
behavior. The field has historically been considered to be the study of non-human
organisms. Indeed, one contemporary and popular view (Blumberg & Wasserman, 1995; Hirsch, 1987; Wasserman, 1997) suggests that we return to our roots –
that of the study of mental continuity among the animal groups (Romanes, 1885).
Comparative psychology thus envisioned is limited to the study of animal
cognition. However, we understand comparative psychology much more broadly,
to be the study of origins of all behavior, a general psychology if you will. Thus, we
understand and conceptualize comparative psychology to be the study of the
evolution and development of behavior of all organisms. As we have suggested
above, the discipline has received criticism for a lack of guiding theory and for
misunderstandings of evolutionary theory; again, our discussion above has laid this
criticism to rest.
More importantly, comparative psychology in particular, and indeed, psychology in general, has been identified as a biological science, its principles in essence
reducible to those of biology, physiology, and even further, to chemistry and
physics. While we have argued that psychology is a mature and unique science with
principles of its own we also recognize and appreciate the importance that
principles of the other sciences play in our understanding behavioral origins
(Greenberg, Partridge, & Ablah 2008; Greenberg & Haraway, 2002). Of course,
psychology has included the study of genetic, hormonal, and neural factors that
impact on behavioral origins, if not from its scientific beginnings then surely from
the early part of the 20th century. We have tried to show in this chapter the manner
in which contemporary ideas in other areas of mainstream science, particularly
molecular biology and physics, impact the understanding of the approach to
psychology championed by Gilbert Gottlieb and his intellectual predecessors.
As is the case with the many influential scientists, Gottlieb was ahead of his time
in recognizing the relationships of ideas from other disciplines, and their utility, in
formulating his own unique understandings of behavioral origins. This was true of
his appreciation of embryological events at a time when the literature in this area
was extremely meager, as pointed out recently by Rosenblatt (2007), himself a
major player in the line of thought associated with Gottlieb and the other so-called
“New York epigeneticists” such as T. C. Schneirla, Daniel Lehrman, Lester
Aaronson, and Ethel Tobach (e.g., Aronson, Tobach, Lehrman & Rosenblatt, 1970).
While appreciating the uniqueness of the science of psychology, these individuals
saw it as a natural science, consistent and compatible with the principles of all of the
natural sciences. It comes as no surprise therefore, that the picture we have painted
of contemporary ideas in physics and biology are now seen to play an important,
though contributing, role in psychology and the origins of behavior. Gottlieb
passed away in 2007, and while he left behind an important corpus of work, we can
only wonder what directions he might have pursued had he lived only a little
longer.

Physics, Biology and Gottlieb’s Psychology

195

References
Ahn, C. A., Tewari, M., Poon, C.-S., & Phillips, R. S. (2006). The limits of reductionism in
medicine: Could systems biology offer an alternative? PloS Medicine, 3(6), 1–5.
Aronson, L. R. (1984). Levels of integration and organization: A re-evaluation of the
evolutionary scale. In G. Greenberg, & E. Tobach (Eds.), Evolution of behavior and
integrative levels (pp. 57–81). Hillsdale, NJ: Erlbaum.
Aronson L. R., Tobach E., Lehrman D. S., & Rosenblatt J. S. (Eds.) (1970). Development
and evolution of behavior: Essays in memory of T. C. Schneirla. San Francisco: W. H.
Freeman.
Aronson L. R., Tobach E., Rosenblatt J. R., & Lehrman D. H. (Eds.). (1972). Selected writings
of T. C. Schneirla. San Francisco: Freeman.
Arthur, W. B. (1993). Why do things become more complex? Scientific American, 268(5),
144.
Barber, B. (1961). Resistance by scientists to scientific discovery. Science, 134, 596–602.
Barnes, B., Bloor, D., & Henry, J. (1996). Scientific knowledge: A sociological analysis. Chicago:
University of Chicago Press.
Bayes, T. (1763). An essay toward solving a problem in the doctrine of chances. Philosophical
Transactions of the Royal Society of London, 53, 370–418.
Blumberg, M. S., & Wasserman, E. A. (1995). Animal mind and the argument from design.
American Psychologist, 50(3), 133–144.
Boker, S. M. (2001). Differential structural equation modeling of intraindividual variability.
In L. M. Colllins, & A. G. Sayer (Eds.), New methods for the analysis of change (pp. 5–27).
Washington DC: APA Press.
Bonner, J. T. (1988). The evolution of complexity: By natural selection. Princeton, NJ: Princeton
University Press.
Bryson, B. (2003). A short history of nearly everything. New York: Broadway Books.
Bunge, M. (1980). The mind-body problem. Oxford: Pergamon.
Burian, R. M. (1985). On conceptual change in biology: The case of the gene. In D. J.
Depew, & B. H. Weber (Eds.), Evolution at a crossroads: The new biology and the new
philosophy of science (pp. 21–42). Cambridge, MA: MIT Press.
Buss D. M. (Ed.). (2005). The handbook of evolutionary psychology. Hoboken, NJ: John Wiley.
Byrne, D. (1998). Complexity theory and the social sciences: An introduction. London: Routledge.
Campbell, D. T. (1990). Levels of organization, downward causation, and the selectiontheory approach to evolutionary epistemology. In G. Greenberg, & E. Tobach (Eds.),
Theories of the evolution of knowing (pp. 1–17). Hillsdale, NJ: Erlbaum.
Caporael, L. R. (2001). Evolutionary psychology: Toward a unifying theory and a hybrid
science. Annual Review of Psychology, 52, 607–628.
Chaisson, E. J. (2001). Cosmic evolution: The rise of complexity in nature. Cambridge, MA:
Harvard University Press.
Chorover, S. L. (1990). Paradigms lost and regained: Changing beliefs, values, and practices
in neuropsychology. In G. Greenberg, & Tobach E. (Eds.), Theories of the evolution of
knowing (pp. 87–106). Hillsdale, NJ: Erlbaum.

196

Ty Partridge and Gary Greenberg

Crick, F. (1994). The astonishing hypothesis. London: Simon & Schuster.
Damon, W., & Lerner, R. M. (2001). Theoretical models of human development. New York:
John Wiley.
Davies P. (Ed.). (1989). The new physics. Cambridge: Cambridge University Press.
(Reprinted 1994).
Davies, P., & Gribbin, J. (1992). The matter myth. New York: Simon & Schuster.
Dennett, D. C. (1995). Darwin’s dangerous idea: Evolution and the meanings of life. London:
Penguin.
Diamond, J. (1997). Guns, germs, and steel: The fates of human societies. New York: W. W.
Norton and Co.
Dobzhansky, T. H., & Spassky, B. (1944). Genetics of natural populations. XI Manifestation
of genetic variance in drosophila pseudoobscura in different environments. Genetics,
29, 270–290.
Feibleman, J. K. (1954). Theory of integrative levels. British Journal for the Philosophy of
Science, 5, 59–66.
Feinberg, A. P., Ohlsson, R., & Henikoff, S. (2006). The epigenetic progenitor origin of
human cancer. Nature Review: Genetics, 7(1): 21–33.
Fisher, R. A. (1918). The correlations between relatives on the supposition of Mendelian
inheritance. Transactions of the Royal Society of Edinburgh, 52, 399–433.
Ford, D. H., & Lerner, R. M. (1992). Developmental systems theory: An integrative approach.
Newbury Park, CA: Sage.
Fromm, J. (2005a). Ten questions about emergence. Retrieved March 16, 2010, from
http://arxiv.org/abs/nlin.AO/0509049.
Fromm, J. (2005b). Types and forms of emergence. http://arxiv.org/abs.nlin.AO/
0506028.
Gessell, A. (1928). Maturation and infant behavior patterns. Psychological Review, 36,
307–319.
Gill, P. S., & Swartz, T. B. (2004). Bayesian analysis of directed graphs data with applications
to social networks. Journal of the Royal Statistical Society Series C, 53(2), 249–260.
Gell-Mann, M. (1994). The quark and the jaguar: Adventures in the simple and the complex.
London: Little, Brown and Company.
Goldstein, J. (1999). Emergence as a construct: History and issues. Emergence, 1, 49–72.
Goodwin, B. (1994). How the leopard got its spots: The evolution of complexity. New York:
Scribner’s.
Gordon, D. (1988). The development of flexibility in the colony organization of harvester
ants. In G. Greenberg, & E. Tobach (Eds.), Evolution of social behavior and integrative
levels (pp. 197–203). Hillsdale, NJ: Erlbaum.
Gordon, D. (1997). Task allocation and interaction in social insect colonies. In G.
Greenberg, & E. Tobach (Eds.), Comparative psychology of invertebrates: The field
and laboratory study of insect behavior (pp. 125–134), New York: Garland.
Gottlieb, G. (1970). Conceptions of prenatal behavior. In L. R. Aronson, E. Tobach, D. S.
Lehrman, & J. S. Rosenblatt (Eds.), Development and evolution of behavior: Essays in
memory of T. C. Schneirla (pp. 111–137). San Francisco: W. H. Freeman.

Physics, Biology and Gottlieb’s Psychology

197

Gottlieb, G. (1973). Introduction to behavioral embryology. In G. Gottlieb (Ed.), Studies on
the development of behavior and the nervous system. Volume 1. Behavioral embryology (pp.
3–45). New York: Academic Press.
Gottlieb, G. (1984). Evolutionary trends and evolutionary origins: Relevance to theory in
comparative psychology. Psychological Review, 91, 448–456.
Gottlieb, G. (1985). Anagenesis: Theoretical basis for the ecological void in comparative
psychology. In T. D. Johnston, & A. T. Pietrewicz (Eds.), Issues in the ecological study of
learning (pp. 59–72). Hillsdale, NJ: Erlbaum.
Gottlieb, G. (1992). Individual development and evolution: The genesis of novel behavior.
New York: Oxford University Press.
Gottlieb, G. (1997). Synthesizing nature-nurture: Prenatal roots of instinctive behavior. Mawah,
NJ: Earlbaum.
Gottlieb, G. (2001a). A developmental psychobiological systems view: Early formulation
and current status. In S. Oyama, P. E. Griffiths, & R. D. Gray (Eds.), Cycles of
contingency: Developmental systems and evolution (pp. 41–54). Cambridge, MA: MIT
Press.
Gottlieb, G. (2001b). The relevance of developmental-psychobiological metatheory to
developmental neuropsychology. Developmental Neuropsychology, 19, 1–9.
Gottlieb, G. (2004). Normally occurring environmental and behavioral influences on gene
activity: From central dogma to probabilistic epigenesis. In C. G. Coll, E. L. Bearer, &
R. M. Lerner (Eds.), Nature and nurture: The complex interplay of genetic and
environmental influences on human behavior and development (pp. 85–106). Mahwah,
NJ: Erlbaum.
Gottlieb, G. (2006). Developmental neurobehavioral genetics: Development as explanation.
In B. C. Jones, & P. Moremede (Eds.), Neurobehavioral genetics: Methods and applications
(2nd ed., pp. 17–28). Boca Raton, FL: CRC Press.
Gottlieb, G. (2007). Developmental epigenesis. Developmental Science, 10(1), 1–11.
Gould, S. J. (1976). Grades and clades revisited. In R. B. Masterson, W. Hodos, & H. Jerison
(Eds.), Evolution, brain, and behavior: Persistent problems (pp. 115–122). New York:
Wiley.
Gould, S. J. (1980). Hen’s teeth and horses toes. Natural History, 89(3), 24–28.
Granic, I., & Hollenstein, T. (2003). Dynamic systems methods for models of developmental
psychopathology. Development and Psychopathology, 15, 641–669.
Greenberg, G. (1995). Anagenetic theory in comparative psychology. International Journal of
Comparative Psychology, 8, 31–41.
Greenberg, G., & Haraway, M. M. (2002). Principles of comparative psychology. Boston:
Allyn & Bacon.
Greenberg, G., Partridge, T., Weiss, E., & Haraway, M. M. (1999). Integrative levels, the
brain, and the emergence of complex behavior. Review of General Psychology, 3,
168–187.
Greenberg, G., Partridge, T., Weiss, E., & Pisula, W. (2004). Comparative psychology: A
new perspective for the 21st century. Up the spiral staircase. Developmental
Psychobiology, 44, 1–15.

198

Ty Partridge and Gary Greenberg

Greenberg, G., Partridge, T., & Ablah, E. (2007). The significance of the concept of
emergence for comparative psychology. In D. Washburn (Ed.), Primate perspectives on
behavior and cognition (pp. 81–98). Washington, DC: American Psychological
Association.
Grimm, V., Revilla, E., Berger, U., Jeltsch, F., Mooij, W. M., Railsback, S. F., et al. (2005).
Pattern-oriented modeling of agent-based complex systems: Lessons from ecology.
Science, 310, 987–991.
Harlow, H. H. (1958). The nature of love. American Psychologist, 13, 673–685.
Heylighen, F., Cilliers, P., & Gershenson, C. (2007). Complexity and philosophy. In
J. Bogg, & R. Geyer (Eds.), Complexity, science and society. Oxford: Radcliffe.
Hirsch, J. (1987). Special issue: Comparative psychology – past, present, and future. Journal
of Comparative Psychology, 101, 219–291.
Hochachka, P. W., & Somero, G. N. (2002). Biochemical adaptation: Mechanism and process in
physiological evolution. New York: Oxford University Press.
Hodos, W., & Campbell, C. B. G. (1969). Scala naturae: Why there is no theory in
comparative psychology. Psychological Review, 76, 337–350.
Hsieh, J., & Gage, F. H. (2004). Epigenetic control of neural stem cell fate. Current Opinion in
Genetics and Development, 14, 461–469.
Hull, D. L. (1972). Reduction in genetics – biology or philosophy? Philosophy of Science, 39,
491–499.
Kaplan, R. H., & Phillips, P. C. (2006). Ecological and developmental contest of natural
selection: Maternal effects and thermally induced plasticity in the frog Bombina
Orientalis. Evolution, 60(1), 142–156.
Johnston, I. A., & Wilson, R. S. (2006). Temperature-induced developmental plasticity in
ectotherms. In S. J. Warburton (Ed.), Comparative developmental physiology: Contribution
tools and trends (pp. 124–138). New York: Oxford University Press.
Kantor, J. R. (1959). Interbehavioral psychology: A sample of scientific system construction.
Bloomington, IN: Principia Press.
Kauffman, S. A. (1993). The origins of order: Self-organization and selection in evolution.
New York: Oxford University Press.
Kauffman, S. A. (1995). At home in the universe: The search for the laws of self-organization and
complexity. New York: Oxford University Press.
Kauffman, S. (2000). Investigations. Oxford: Oxford University Press.
Kelso, J. A. S. (2000). Principles of dynamic pattern formation and change for a science of
human behavior. In L. R. Bergman, R. B. Cairns, L. Nilsson, & L. Nystedt (Eds.),
Developmental science and the holistic approach (pp. 33–48). Mahwah, NJ: Earlbaum.
Kim, J. (1999). Making sense of emergence. Philosophical Studies, 95, 3–36.
Kuo, Z. Y. (1967). The dynamics of behavior development. New York: Random House.
Lerner, R. M. (2002). Concepts and theories of human development. 3rd edition.Mahwah, NJ:
Erlbaum.
Lerner, R. M. (2004). Genes and the promotion of positive human development:
Hereditarian versus developmental systems perspectives. In C. G. Coll, E. L.
Bearer, & R. M. Lerner (Eds.), Nature and nurture: The complex interplay of genetic

Physics, Biology and Gottlieb’s Psychology

199

and environmental influences on human behavior and development (pp. 1–33). Mahwah,
NJ: Erlbaum.
Lewin, R. (1992). Complexity: Life at the edge of chaos. New York: Macmillan.
Lewis, M. D., Lamey, A. V., & Douglas, L. (1999). A new dynamic systems method for
the analysis of early socioemotional development. Developmental Science, 2(4),
457–475.
Magnusson, D. (2000). The individual as the organizing principle in psychological inquiry:
A holistic approach. In L. R. Bergman, R. B. Cairns, L. Nilsson, & L. Nystedt (Eds.),
Developmental science and the holistic approach (pp. 33–48). Mahwah, NJ: Erlbaum.
Masataka, N. (1994). Effects of experience with live insects on the development of fear of
snakes in squirrel monkeys, Saimiri sciurens. Animal Behaviour, 46, 741–746.
Mayr, E. (1985). How biology differs from the physical sciences. In D. J. Depew, & B. H.
Weber (Eds.), Evolution at a crossroads: The new biology and the new philosophy of science
(pp. 44–63). Cambridge, MA: MIT Press.
Mazzocchi, F. (2008). Copmlexity in biology. Exceeding the limits of reductionism and
determinism using complexity theory. EMBO Reports, 9(1), 10–14.
McShea, D. W. (1996). Metazoan complexity and evolution: Is there a trend? Evolution:
International Journal of Organic Evolution, 50, 477–492.
Michel, G. F., & Moore, C. L. (1995). Developmental psychobiology: An interdisciplinary science.
Cambridge, MA: MIT Press.
Michel, G. F., & Tyler, A. N. (2007). Developing human nature: Development to vs.
development from? Developmental Psychobiology, 49(8), 788–799.
Moltz, H. (1965). Contemporary instinct theory and the fixed action pattern. Psychological
Review, 72, 27–47.
Morgan, C. L. (1901). Introduction to comparative psychology. London: Scott.
Morgan, C. L. (1923). Emergent evolution: The Gifford lectures. London: Williams and
Norgate.
Moss, L. (2002). From representational preformationism to the epigenesis of openness to
the world? Reflections on a new vision of the organism. Annals of the New York
Academy of Science, 981, 219–230.
Neyman, J., & Pearson, E. S. (1933). On the problem of the most efficient tests of statistical
hypotheses. Philosophical Transactions of the Royal Society, 231, 289–336.
Nesselroade, J. R. (2006). Quantitative modeling in adult development and aging:
Reflections and projections. In C. S. Bergman, & S. M. Boker (Eds.),
Methodological issues in aging (pp. 1–18). Mahwah. NJ: Routledge.
Newell, K. M., & Molenaar, P. C. M. (1998). Applications of nonlinear dynamics to
developmental process modeling. Mahwah, NJ: Erlbaum.
Nicolis, G. (1989). Physics of far-from-equilibrium systems and self-organisation. In P.
Davies (Ed.), The new physics (pp. 316–347). Cambridge: Cambridge University Press.
(Reprinted 1994).
Novak, G. (1996). Developmental psychology: Dynamical systems and behavior analysis. Reno,
NV: Context Press.

200

Ty Partridge and Gary Greenberg

Oxman, E., Alon, U., & Dekel, E. (2008). Defined order of evolutionary adaptations:
experimental evidence. Evolution, 62(7), 1547–1554.
Oyama S., Griffiths P. E., & Gray R. D. (Eds.). (2001). Cycles of contingency: Developmental
systems & evolution. Cambridge, MA: MIT Press.
Pelengaris, S., & Kahn, M. (2006). The molecular biology of cancer. Malden, MA: Blackwell
Publishing.
Pinker, S. (2002). The blank slate: The modern denial of human nature. New York: Penguin.
Platt, S. A., & Sanislow, C. A. (1988). Norm-of-reaction: Definition and misinterpretation of
animal research. Journal of Comparative Psychology, 102(3), 254–261.
Popper, K. R. (1974). Scientific reduction and the essential incompleteness of all science. In
F. J. Ayala, and T. Dobzhansky (Eds.), Studies in the philosophy of biology (pp. 259–284).
Berkeley, CA: University of California Press.
Prigogine, I., & Stengers, I. (1984). Order out of chaos: Man’s new dialogue with nature. New
York: Bantam Books.
Pringle, J. W. S. (1951). On the parallel between learning and evolution. Behaviour, 3,
174–215.
Pronko, N. H. (1980). Psychology from the standpoint of an interbehaviorist. Belmont, CA:
Wadsworth.
Provine, W. B. (2001). The origins of theoretical population genetics. Chicago, IL: University of
Chicago Press.
Qiu, G., Kandhai, D., & Sloot, M. A. (2007). Understanding the complex dynamics of stock
markets through cellular automata. Physical Review E, 75, 046116.
Rand, J. D., Kapuniai, L. E., Crowell, D. H., & Pearce, J. (2001). Nonlinear analysis of 30second sleep stage epochs. In W. Sullis, & I. Trofimova (Eds.), Nonliniear dynamics in
the life and social sciences (pp. 195–203). Washington, DC: IOS Press.
Redfield, R. (1942). Levels of integration in biological and social systems. Lancaster: Cattell
Press.
Riziki, T. M. (1954). Desoxyribose nucleic acid in the symbiotic microorganisms of the
cockraoch, Blattella Germanica. Science, 120(3105), 35–36.
Romanes, G. J. (1885). Mental evolution in animals. New York: Appleton.
Rosenblatt, J. S. (2007). Gilbert Gottlieb: Intermediator between psychology and
evolutionary biology. Developmental Psychobiology, 49(8), 800–807.
Rosenblatt, J. S., & Schneirla, T. C. (1962). The behavior of cats. In E. S. E. Hafez
(Ed.), The behaviour of domestic animals (pp. 453–488). London: Balliere, Tindall &
Cox.
Saunders, P. T., & Ho, M.-W. (1976). On the increase in complexity in evolution. Journal of
Theoretical Biology, 63, 375–384.
Saunders, P. T., & Ho, M.-W. (1981). On the increase of complexity in evolution II. The
relativity of complexity and the principle of minimum increase. Journal of Theoretical
Biology, 90, 515–530.
Saunders, P. T., & Ho, M.-W. (1984). The complexity of organisms. In J. W. Pollard (Ed.),
Evolutionary theory: Paths into the future (pp. 121–139). New York: Wiley.

Physics, Biology and Gottlieb’s Psychology

201

Sawyer, R. K. (2002). Emergence in psychology: Lessons from the history of nonreductionist science. Human Development, 45, 2–28.
Schneirla, T. C. (1957). The concept of development in comparative psychology. In D. B.
Harris (Ed.), The concept of development: An issue in the study of human behavior (pp.
78–108). Minneapolis: University of Minnesota Press.
Sheldrake, R. (1995). Seven experiments that could change the world. New York: Riverhead
Books.
Shmulevich, I., Dougherty, E. R., & Zhang, W. (2002). From Boolean to Probabilistic
Boolean Networks as Models of Genetic Regulatory Networks. Proceedings of the
IEEE, 90(11), 1178–1192.
Sylva, E. A., & Clarke, K. C. (2002). Calibration of the SLEUTH urban growth model for
Lisbon and Porto, Portugal. Computers, Environment, and Urban Systems. 26(6),
525–552.
Singh, S. (2005). Big bang: The origin of the universe. New York: Harper.
Smith, L. B. (2006). Movement matters: The contributions of Esther Thelan. Biological
Theory, 1, 87–89.
Smith, J. M., & Szathmary, E. (1999). The origins of life: From the birth of life to the origin of
language. Oxford: Oxford University Press.
Smotherman, W. P., & Robinson, S. R. (Eds.). (1988). Behavior of the fetus. Caldwell, NJ: The
Telford Press.
Smuts, J. C. (1926). Holism and evolution. New York: Macmillan.
Sperry, R. M. (1987). Structure and significance of the consciousness revolution. Journal of
Mind and Behavior, 8, 37–65.
Stebbins, G. L. (1969). The basis of progressive evolution. Chapel Hill: University of North
Carolina Press.
Strohman, R. C. (1997). The coming Kuhnian revolution in biology. Nature Biotechnology,
15, 194–200.
Sulis W., & Trofimova I. (Eds.). (2000). Nonlinear dynamics in life and social sciences.
Amsterdam: IOS Press.
Thelen, E., & Smith, L. B. (1998). Dynamic systems theories. In W. Damon, & R. M. Lerner
(Eds.), Handbook of child psychology: Volume 1: Theorectical models of human development
(5th ed.). (pp. 563–634). Hoboken, NJ, US: John Wiley & Sons Inc.
Tobach, E., & Schneirla, T. C. (1968). The biopsychology of social behavior of animals. In
R. E. Cook, & S. Levin (Eds.), The biological basis of pediatric practice. New York:
McGraw-Hill.
Van Geert, P. (1998). A dynamic systems model of basic developmental mechanisms:
Piaget, Vygotsky, and beyond. Psychological Review, 105(4), 634–677.
Von Eye, A., & Bergman, L. (2003). Research strategies in developmental psychopathology:
Dimensional identity and the person-oriented approach. Developmental
Psychopathology, 15, 553–580.
Wallman, J. (1979). A minimum visual restriction experiment: Preventing chicks from
seeing their feet affects later rewsponses to mealworms. Developmental Psychobiology,
12, 391–397.

202

Ty Partridge and Gary Greenberg

Wasserman, E. A. (1997). Animal cognition: Past, present, and future. Journal of Experimental
Psychology: Animal Behavior Processes, 23, 123–135.
Watson, J. D., & Crick, F. H. C. (1953). A structure for deoxyribose nucleic acid. Nature, 171,
737.
Weiss, P. (1959). Cellular dynamics. Review of Modern Physics, 31, 11–20.
Wolfram, S. (2002). A new kind of science. Champaign, IL: Wolfram Media.
Woodger, J. H. (1929). Biologicalal principles: A critical study. London: Routledge and Kegan
Paul.
Young, D., Stark, J., & Kirschner, D. (2008). Systems biology of persistent infection:
Tuberculosis as a case study. Nature Reviews: Microbiology, 6, 520–528.

