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How New Ideas in Physics and Biology Influence
Developmental Science

Gary Greenberg
Wichita State University

This article reviews how ideas from 20th century physics and biology have come to play important
roles in the study of development and how these ideas have informed a relatively new paradigm
in developmental science: relational developmental systems, a synthesis of developmental biol-
ogy and developmental psychology. Employing concepts such as emergence and self-organization,
epigenetics and epigenesis, and an ontological framework that stresses levels of increasing organiza-
tion and complexity, the relational developmental systems paradigm embraces a thoroughly holistic
and nonreductionistic account of development and behavioral origins. It furthermore promotes psy-
chology as a unique science, irreducible to biological science—though genes, brains, and other
biological processes are factors that participate in the developmental process, such factors do not
cause behavioral origins and are only explicable in the context of the developing system as a whole.

Among the recent intellectual changes in developmental psychology has been the introduction of
a theoretical perspective identified as relational developmental systems (RDS) (Overton, 2013).
This is an approach that fundamentally rejects the idea that psychology is a biological science
and that genes and brains have primacy in ontogeny, behavioral as well as biological—rather,
genes and brains are merely other participants in developmental processes. Being a relatively
new approach to behavior it relies on newer concepts from the other sciences: from physics, self-
organization and emergence and from biology, epigenetics and epigenesis. It is, as well, a holistic,
nonreductionistic approach to organisms and their development.

As the above suggests, the appearance of theoretical sophistication in developmental psychol-
ogy is relatively new. “Currently, the focus on theoretical explanation and on finding the nature
of the basic developmental mechanisms comes mainly from system-oriented researchers” (van
Geert, 2009, p. 243), grounded in evolutionary theory and developmental psychobiology. This
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6 GREENBERG

article focuses on a unique and promising approach to developmental psychology—relational
developmental systems, an iteration of nonlinear dynamical systems. “There is a continued ten-
dency among nonlinear dynamical systems (NDS) scholars to reflect on their work in terms of
a major paradigm shift in psychology” (Koopmans, 2009, p. 507). Extended discussions of this
paradigmatic change in developmental science can be found in Overton (2011, 2012), Overton
and Lerner (2012), and Lerner and Benson’s (2013) historical summary.

I arrived at this perspective gradually through a series of introductions to the related work
of several psychologists, Z.-Y. Kuo, T. C. Schneirla, J. R. Kantor, Gilbert Gottlieb, and Richard
M. Lerner. My undergraduate course work at Brooklyn College exposed me to the integrative
levels ideas of T. C. Schneirla (Aronson, Tobach, Rosenblatt, & Lehrman, 1972) via two classes
from one of his graduate students, Howard Moltz. My graduate work at the University of Wichita
explored the interbehaviorist perspective of J. R. Kantor (Kantor, 1959; Pronko, 1980) whose
theoretical writings are in many respects similar to those of Schneirla (Lazar, 1978). Professors
there encouraged me to read widely, and I eventually discovered the works of Gilbert Gottlieb
(e.g., 1992), a developmental psychobiologist. A fortuitous postdoctoral association with Ethel
Tobach, another of Schneirla’s graduate students, at New York’s American Museum of Natural
History, culminated in a lecture series devoted to the exploration of Schneirla’s ideas (Greenberg,
Partridge, Weiss, & Pisula, 2004; Greenberg & Tobach, 1984). It was through that conference
series that I came in contact with and developed a continuing relationship with Richard M. Lerner
(1995) and, as a result, with many of the ideas associated with RDS.

My journey to this approach to psychology mirrors, in some respects, that of Lerner’s
(2002). Similar to his journey, my definition of how I defined my science was altered (devel-
oped) as I learned more. Originally a comparative psychologist, I now consider myself a
developmental psychobiologist (Michel, 2013), having come to consider psychology a devel-
opmental science (Greenberg, Partridge, Mosack, & Lambdin, 2006) and a natural science of
behavior.

PSYCHOLOGY IS A UNIQUE NATURAL SCIENCE

Many scientists and nonscientists alike continue to embrace the worn-out schism between the nat-
ural and behavioral, or social, sciences (Christakis, 2013). In doing so, psychology is seen to be a
weak sister among the community of sciences. Beins (2012) went so far to suggest that this schism
renders psychology “not quite a science; rather we are a something-other-than-science-science”
(p. 1). As a result of my Kantorian interbehavioral graduate training (Greenberg, 2008), I have
long argued that because there is only science and nonscience, psychology (and the other behav-
ioral sciences) is simply another one of the natural sciences (e.g., Greenberg, 2011; Greenberg &
Partridge, 2010). Of course, this is not new with me as a strong case can, and has been, made that
“Psychology or the science of the mind was conceived as a natural science in the seventeenth,
eighteenth, and nineteenth centuries” (Hatfield, 1995, p. 216). Although we usually trace the ori-
gins of scientific psychology to Wilhelm Wundt in Germany and William James in the United
States around 1879 (Boring, 1950), at the same time psychology was being identified as a bio-
logical science by British medical physiologists such as William Carpenter and Henry Maudsley,
themselves influenced by Darwin, Romanes, and C. Lloyd Morgan (Hatfield, 2003).
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PHYSICS, BIOLOGY, AND DEVELOPMENTAL SCIENCE 7

Today there can no longer be any doubt that psychology was not only linked to the other
sciences, but also continues to have an important impact on them (Boyack, Klavans, & Borner,
2005). In fact, with respect to neuroscience, “psychology has led the way in the study of the brain”
(Hatfield, 2000, p. S396). Conceptualized in this way, behavior is as natural a phenomenon as
rolling balls down inclined planes was for Galileo. However, though initially allied with biology,
and seen to be a biological science (e.g., Hatfield, 2003), psychology today is best understood
to be a unique science (Greenberg, 2011), biology simply providing a set of participating, and
not causal, factors in the genesis and development of behavior. There is much to agree with
in Pronko’s (1988) comment that “We must not neglect genetic and other biologic factors, but,
instead of treating them as causal, we regard them as aspects of an integrated field event or events”
(p. 78).

In the middle of the 20th century, Brunswick (1956), reiterating the argument that psychology
was a natural science, hinted at some of the ideas I am going to develop in this article—that
psychology is indeed a natural science; that psychology, long suffering from physics envy, “was
to be placed fully under the auspices of the methodologically most rigorous of its older sister
disciplines, physics” (p. 151); that molar, or holistic, ideas had an important role to play in under-
standing behavior; and, presciently, anticipating the contemporary relationship of psychology
with dynamic systems theory, discussed here as “RDS.”

In 2014, it is appropriate and fitting to see psychology not as Brunswick did in 1956 as a rel-
atively youthful science, but rather, as a science mature enough to stand on its own and not as
a subset of biology, the discipline from which it emerged. As early as the 1920s, J. R. Kantor
(1924, 1926) was making this case and arguing that, though biology is important for psycholog-
ical events, psychology was a unique psychological science. T. C. Schneirla (1949) later joined
in discussing psychology in this way. Contemporary developmental systems psychologists have
embraced this understanding of psychology (e.g., Ford & Lerner, 1992).

Scientists from other disciplines have recognized this as well. As the physicist P. W. Anderson
(1972) put it: “At each stage [i.e., level of organization] entirely new laws, concepts, and general-
izations are necessary. . . . Psychology is not applied biology, nor is biology applied chemistry”
(p. 393). As pointed out by an ecologist, just as there are principles in biology that do not belong
to physics, so there are principles in the other sciences, from chemistry to psychology that can-
not be reduced and which do not belong to sciences lower in the hierarchy (Bauchau, 2006).
The physicist Paul Davies (2003b) has said this another way: “At each level of description, from
atoms up through molecules, cells, organisms, and society and culture, genuinely new phenom-
ena and properties emerge that require laws and principles appropriate to those levels” (p. 5). In a
nonlinear universe, “small changes on one level of organization . . . produce large effects at the
same or different levels” (Coveny & Highfield, 1995, p. 9). This theme of growth and maturity is
of course not unique to psychology. For example, a similar situation existed with regard to biol-
ogy in the early 1900s when Woodger (1929) argued that it needed an explanatory model distinct
from physics and chemistry. This was a mere 120 years after the “founding” of biology as the
“science of life” by Lamarck (Keller, 2002).

Today, psychology is its own science, separate and distinct from biology, with its own unique
principles searching for its own unique laws. We use the terms law and theory rather loosely
in psychology, but, as we are still searching for all the pertinent variables that influence behav-
ior, we have no statements with the power, for example, of natural selection, of gravity, or of
relativity (among the best discussions of just what theories are and are not is that by Uttal, 2005).
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8 GREENBERG

Psychology is even short on laws, with the possible exception of Thorndike’s law of effect (i.e.,
reinforcement). Even biology, a much older science, similarly lacks laws. McShea and Brandon
(2010) identify the idea of “increasing complexity through evolution” as biology’s first law.

A HOLISTIC PSYCHOLOGY AND DEVELOPMENTAL SCIENCE

As Koopmans (2009) suggested, “There continues to be a need in the field for alternatives to
a reductionistic version of psychology” (p. 523). Although some would argue that behaviorism
is, or was, that alternative, its influence waned in the latter part of the 20th century. Instead, in
endorsing the holistic position of relational developmental systems, I agree with the need for
a contemporary alternative to reductionistic thinking and believe this is that viable alternative.
Many of the ideas explored in the articles in this special issue of RHD are linked by three impor-
tant concepts: That of integrative levels, of increasing complexity with evolution (biological as
well as cosmological), and of contextualism.

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. This has been summarized
by Aronson (1984) in the following way: 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. (p. 66)

The idea of hierarchy, even among the sciences, is not new. The sciences can be divided
into areas of study based on quantitative 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. This idea was seemingly originated by Auguste Comte in
the late 1800s (see Boorstein, 1998, p. 223) and was later developed by others such as the biolo-
gist Novikoff (1945), the philosopher Feibleman (1954), and the psychologist Schneirla (1949).
This idea is now widely accepted as a fundamental principle of science. With respect to biology,
and especially to evolution, Saunders and Ho (1976, 1981, 1984) suggest that this may be con-
sidered a second principle of Darwinian evolution, after natural selection. Other scientists have
also flirted with the idea that increasing complexity may be a universal principle (e.g., Davies
2003a). As Chaisson (2001) commented, “Whatever measure of complexity is used, it is hard to
avoid the notion that ‘things’—whether galactic clouds, slimy invertebrates, luxury automobiles,
or the whole universe itself—have generally become more complicated throughout the course of
history” (p. 7).

With respect to developmental science in particular, it is of interest that some of the ideas cen-
tral to my discussion were introduced early on by Heinz Werner (Valsiner, 2005b; Werner, 1948).
Two crucial ideas in his approach to development were those of hierarchy and emergence. He
understood, with others who came before and after, that hierarchical organization was a general
principle of nature and of science (Valsiner, 2005a): hierarchy of biological forms, of mental func-
tions, of neural functioning, indeed—of the world (Werner, 1948). Werner believed that during
development functions of the organism “emerged” as studyable elements (Glick, 1992), in much
the same way I discuss language in great apes elsewhere in this article. In concert with contem-
porary developmental science, Werner was, as well, a holist, perhaps a result of his familiarity
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PHYSICS, BIOLOGY, AND DEVELOPMENTAL SCIENCE 9

with the Gestaltists of his day (van der Veer, 2005). I refer to Werner here not only to under-
score his significance for contemporary developmental science but to illustrate the development
of developmental science itself.

New ideas and concepts in the sciences are characteristic of this contemporary holistic
approach. Stuart Kauffman (2008), a leading proponent of this new paradigm in science,
described matters as follows: “We are coming to a scientific worldview that takes us into subjects
normally thought to lie outside the realm of science” (p. 120) and “Without vitiating any law of
physics, physical laws alone do not describe the causal unfolding of the universe” (p. 131) and
“It is an amusing fact that scientists who eschew philosophy invariably espouse a philosophy of
science that is long outdated” (p. 147).

THE PROPERTIES OF DEVELOPMENTAL SCIENCE AND PSYCHOLOGY

As I discuss in this section, psychology is among the most complex of the sciences. Its complex-
ity stems from the fact that behavior is a result of a myriad of factors, among them phylogeny,
ontogeny, experience, culture, and genetics (see Greenberg, Callina, & Mueller, 2013 for a dis-
cussion of these factors). A further source of the complexity of behavioral development is the
organisms’ own experience with itself during its development, that is, “self-stimulated experi-
ence” (Michel, 2007). Another way of saying this is that individuals are themselves sources of
their own development (Lerner & Busch-Rossnagel, 1981). Being a developmentalist, Gilbert
Gottlieb believed that experiences formed the basis of all behaviors, though those experiences
were often nonobvious.

As for nonobvious 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, 2001, p. 2)

In addition, as my title suggests, concepts from other sciences further complicates our full
understanding of behavioral origins and development. Thus, this section of my article deals with
the following problem:

perhaps the most baffling property of biological complexity—the well-known ability of living sys-
tems to quite literally take on a life of their own and behave as autonomous agents rather than as
slaves to the laws of physics and chemistry. . . . How does this come about? How does a physical
system harness physics and chemistry to pursue an agenda? Somewhere on the spectrum from a large
molecule through bacteria and multicelled organisms to human beings something like purposeful
behavior and freedom of choice enters the picture. Complexity reaches a threshold at which the sys-
tem is liberated from the strictures of physics and chemistry while still remaining subject to their law.
(Davies, 2003b, p. 8)

The early dynamic multilevel transactions integrating biology and ecology in the course of
development (e.g., Gottlieb, 1973, 1984, 1985) were prescient of major advances in the field
resulting from empirical findings in molecular genetics and cell development, along with concep-
tual and methodological tools from nonlinear dynamic systems and complex adaptive systems
theory. As such, in this article I am attempting to demonstrate these linkages and contemporary
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10 GREENBERG

ideas issuing forth from nonlinear dynamic systems theory and complex adaptive systems the-
ory. Although this nonlinear perspective is still not universally accepted, it is refreshing to note
that some in developmental science and psychology have been responsive to these newly intro-
duced concepts of nonlinear dynamics, self-organization, emergence, and other ideas I discuss in
this section. Overton, for example, acknowledged their significance for developmental science as
early as 1994. In Koopman’s (2009) assessment, nonlinear dynamics

produces a shift in research priorities. Part of the excitement that radiates from the work of nonlin-
ear dynamics has to do with its exploratory nature and with the sense of breaking new ground in
psychology and offering new modeling techniques and analytical strategies. (p. 509)

The state of this perspective in developmental science has been captured by Witherington (2007):

A decade ago, developmental psychology could easily be characterized as a field in search of onto-
logical unity. . . . Since then the field has witnessed what Lerner (2006) has described as “the
ascendency of a developmental systems frame” (p. 5)—a widespread commitment to thoroughly
relational, integrative conceptions of development that promise to transcend false dichotomies and
unify the field. Prominent among the metatheoretical frameworks rooted in this developmental sys-
tems frame is the developmental systems perspective (DSP), which attempts to explain, through the
systems’ concepts of self-organization and holism, how developmental patterns arise. (pp. 127–128)

Although many relational developmental systems writers seemingly restrict their application
of these principles to human life-span development, I see merit in utilizing this approach to
understand behavioral development across the animal spectrum (Greenberg & Haraway, 2002).
This approach appears to me to represent a “general psychology,” if you will. In describing
the contemporary contributions of other sciences to our own, my focus here is on concepts of
self-organization and emergence from physics, on the cosmological and biological evolution of
increased complexity since the Big Bang, on the important organizing principle of integrative
levels, on neuroscience, molecular biology, genomics, and on epigenetic evolution.

I have long held that psychology is a more complex science than those which stand lower
than it in the hierarchy of the sciences. This is nowhere made so clear as in the recent discussion
of “social genomics” by Slavich and Cole (2013). Despite important recent critiques of behav-
ior genetics (e.g., Charney, 2012; Wahlsten, 2012) and neuroreductionism (Uttal, 2011), there
remain crucial genetic and neurological influences on behavior. Such influences are part of the
participating biological factors which affect behavior. As Bertalanffy (1956) reminded us more
than 50 years ago, “Rejecting biologism does not mean we can neglect biology” (p. 34). Slavich
and Cole so crucially pointed out that genes are turned on and off throughout our lifetimes, “The
human genome, therefore, is not a blueprint for human potential” (p. 331).

What makes this extremely complex is our current understanding that all aspects of our lives,
social situations especially and even our thought processes, have profound influences on which
and when genes are activated and expressed and suppressed. Of course, most social situations are
not one-time events; a spousal breakup, for example, may have prolonged and profound effects
on hormone levels, themselves being only some of the chemical influences on nervous system
activation and genetic expression. There is, as well, the potential for such social stressors on
genetic expression to have an impact on disease susceptibility. Further complicating these issues
for human psychology: “Social influences regulate gene expression on an individual level, but
they may also be involved in gene expression at a collective group level” (Slavich & Cole, 2013,
p. 340).
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PHYSICS, BIOLOGY, AND DEVELOPMENTAL SCIENCE 11

It is long past time for us to progress in our science beyond that of traditional reductionism
(Kauffman, 2008; Lerner & Benson, 2013; Mahner & Bunge, 1977; Nagel, 2012), and to
acknowledge and embrace the idea of holism. It is not that we should reject reductionism in toto;
it has, of course, been a powerful, fruitful tool from the beginnings of science. Reductionism,
albeit “moderate reductionism” (Mahner & Bunge, 1997), still has a place in our science despite
our having entered the era of holism. This weak form of reductionism reflects “the strategy of
reducing whatever can be reduced (fully or partially) without ignoring variety and emergence”
(p. 116), even “radical reductionism,” adds Bunge (1977), “is sometimes heuristically fertile,
since it stimulates the search for profound explanations, in particular explanations in terms of
adjacent levels” (p. R80, emphasis added). In this context and with respect to relational devel-
opmental systems theory, Lerner and Benson (2013) underscored that all levels and contexts are
involved (fused) in influencing development across the life span (see also Hood, Tucker-Halpern,
Greenberg, & Lerner, 2010).

The concepts of hierarchy, integrative levels and systems, self-organization, complexity,
epigenetics, epigenesis, and emergence so central to the new orientation brought to psychol-
ogy, have been rather fully developed over the last quarter century and are being employed with
considerable alacrity by scientists in many disciplines. Indeed, with respect to the relational devel-
opment systems model, a significant body of empirical work has been accumulated over the past
25+ years based explicitly on these dynamic systems models. Nor have methodological issues
been neglected. As a result of the convergence of the ideas I have discussed, developmental psy-
chologists now have at their disposal a conceptual architecture and an emerging methodology
that is commensurate with their core theoretical principles (e.g., Molenaar, 2010). Not only do
empirical data indirectly support inferences about the role of integrated biopsychosocial systems
in shaping phenotypic outcomes, but also theoretical physicists and mathematicians have demon-
strated that these same principles hold widely. Thus, there is now a set of methodological tools
using systems methods that have the capability of testing many of the developmental systems pos-
tulates directly (Urban, Osgood, & Mabry, 2011). However, though methodologies are routinely
used in other systems and disciplines, they have only slowly begun to be used in developmental
science (Mabry & Urban, 2011; Urban et al., 2011).

Just as the traditional materialist, reductionist approach in physics and the other sciences has
failed to live up to its initial promise (Kauffman, 2008) and has since given way to a more
holistic, field-oriented, and contextual paradigm (Davies & Gribbin, 1992; Goodwin, 1994), so
too psychology and developmental science have begun to give up their adherence to an old-
fashioned physics in favor of this newly emerging scientific paradigm (e.g., Chorover, 1990;
Lerner, 1998). 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 order 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, glacia-
tions, 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
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12 GREENBERG

of the brain, or the behavior of populations in an ecosystem or in economic development. (Nicolis,
1989, p. 316).

I believe that such ideas apply equally in psychology and developmental science.

Emergence and Self-Organization

It is surprising where one sometimes gains advice. In this instance I note that Alice in
Wonderland’s Red Queen believed it to be always helpful to “begin at the beginning.” For this dis-
cussion the beginning is the Big Bang (Singh, 2004), the ultimate source of everything. The first
elements produced, hydrogen and helium, eventually gave rise to all else. Another way of say-
ing this is that as a corollary of the Big Bang, given enough time hydrogen and helium become
sentient beings. “Matter has an innate tendency to self-organize and generate complexity. This
tendency has been at work since the birth of the universe” (Coveny & Highfield, 1995, p. 10).
What we see now in the universe is the result of the processes of emergence and self-organization,
and for this discussion, these ideas from physics are central to the developmental systems
metatheory (Witherington, 2011). Reid (2007) provided an apt definition of these processes:

Emergence is the spontaneous appearance of novel qualities through the interactions and constraints
of generative conditions, consisting of the dynamic structure of the original, and properties of its
environment. Thus stated, emergence includes a wide range of physical events from the Big Bang to
the physicochemical reactions that produce liquid water from hydrogen and oxygen at appropriate
temperatures and pressures. (p. 290)

An early discussion of this process by Oparin (1961) is surprisingly contemporary in its
understanding of these processes and reflects the themes of this chapter:

The facts at our disposal indicate that the origin of life was a gradual process in which organic
substances became more and more complicated and formed complete systems which were in a state
of complete interaction with the medium surrounding them. . . . Following the path of the emergence
of life in this way . . . there arose new biological laws which had not existed before. (pp. 36–37)

“One of the most beautiful and profound ideas I know, and one whose power is not widely
enough appreciated, is the idea of emergence and emergent properties” (Christian, 2013, p. 174).
That it is not widely appreciated is surprising given that this concept was applied to psychology by
the founders of modern experimental psychology, William James and Wilhelm Wundt (Sawyer,
2002), and even earlier by John Stuart Mill, the father of British emergentism (McLaughlin,
2008). Suffice it to say, the development of behavior is not the result of instincts (Bateson &
Curley, 2013), despite the popularity of that idea among evolutionary psychologists (Blumberg,
2005); nor does the old instinct/learning dichotomy provide the answer, that is, “if it is not
instinct it must be learning.” There is much more than these two sources responsible for behav-
ioral origins—that much more is “development”! Here is how Daniel Lehrman characterized this
as early as 1953:

The problem of development is the development of new structures and activity patterns from the
resolution of the interaction of existing structures and patterns, within the organism and its internal
environment, and between the organism and its outer environment. At any stage of development, the
new features emerge from the interactions within the current stage and between the current stage and
the environment. (p. 345)
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PHYSICS, BIOLOGY, AND DEVELOPMENTAL SCIENCE 13

With respect to learning, we now know that in addition to the two traditionally recognized
forms of learning, Pavlov’s classical conditioning and Skinner’s operant conditioning, a third
form is now recognized, that of emergent learning (Rumbaugh, Washburn, & Hillix, 1996).
With this theoretical formulation, Rumbaugh has linked the study of cognition to the most con-
temporary formulations of the newly developing sciences of complexity and dynamic systems,
providing more mathematical and empirical alternatives to traditional thinking about cognitive
behavior. The point is that “emergent learning’ proposed by Rumbaugh et al. (1996) described
the long range outcomes of a learning system that cannot be reduced to its respondent and oper-
ant elements; emergent learning thus constitutes a separate class of learning origins. The work
of Thelen and her colleagues (Thelen & Smith 1994) is rife with empirical evidence of this;
some behaviors simply appear, that is, emerge as the child develops: “new forms of behavior
can arise during development in a self-organizing manner, consistent with the universal laws of
physics” (p. 129).

One major example of the emergence of complex behavior is that of language by human
beings. Rumbaugh et al.’s (1996) analyses permit us at last to understand how this develop-
ment may have come about in humans: the result of the dynamic interplay of biological and
cultural evolution, as well as the contribution of ecologic factors (Greenberg, Partridge, Weiss, &
Haraway, 1998). Although Skinner (1957) argued that human language development is the result
of a long history of operant and respondent histories, it is, in fact, difficult to identify this histori-
cal sequence. Thus, though some, perhaps much, traditional learning may indeed be involved, the
acquisition of language can be best understood as an emergent phenomenon, resulting from pro-
cesses similar to those involved in proto-language acquisition by bonobos (Savage-Rumbaugh,
Shanker, & Taylor, 1998)—the result of the dynamics involved in their unique social environment
of almost constant interactions with their human caretakers. Parker and Russon (1996) identified
common features shared by the great apes including prolonged gestation, infancy, and juvenile
periods, a long developmental period, long life span, and a large brain. These features ally the
apes to humans and distinguish them from gibbons and old world monkeys that show shorter ges-
tation periods, shorter infancy and juvenile stages, shorter life spans, and smaller brains. Let
us think of these elements as essential features, as components of a single dynamic system,
much as hydrogen-oxygen-electricity are for the emergence of water. In our species, biologi-
cal adaptations, socialization, and unique cultural experiences lead to a phase transition from
protolanguage in chimpanzees and bonobos (and perhaps even in Neanderthals), to true language
in our species.

Epigenetics and Epigenesis

I offer a quote that underscores the significance of new ways of thinking in molecular biology
which call into question the central dogma of genetics (Crick, 1970), that genes alone account for
phenotypes and work solely from the inside out. “Epigenetics is the most monumental explana-
tion to emerge in the social and biological sciences since Darwin proposed his theories of natural
selection and sexual selection” (Fisher, 2013, p. 179). Among the significant ideas of contempo-
rary developmental science are those of epigenetics and epigenesis, first introduced into modern
biology by Waddington in 1957 (Speybroeck, 2002), though as Valsiner and Scheithauer (2013)
point out, “epigenetics antedates genetics” (p. 66). It took until modern times for the biological
sciences to follow in Waddington’s footsteps and understand the critical role that development
plays in all aspects of biology, including evolution (Robert, 2004, 2008). Nevertheless, despite
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the renewed interest by some in studying development in an evolutionary framework (e.g.,
evolutionary-developmental biology [evo-devo]), “The field is still dominated by the idea that
genes control development” (Ho, 2010, p. 70). Of course, the present authors, and others, believe
instead that development itself is an epigenetic phenomenon from which novel processes emerge.
A cogent discussion of this point is provided by Moore (2003).

These concepts supplement Darwinian evolution by showing that there are routes to inheri-
tance other than by DNA and genetics. Epigenetics is the study of how the more than 200 human
cell types can have an identical compliment of genes but express them differently. Part of the
answer lies in the way that DNA is packaged, with tight areas silencing genes and open areas
allowing for genes to be translated into proteins. Epigenesis refers to the influence of the envi-
ronment on the expression of the genetic code. Among the best definitions of epigenesis for
developmental science is that provided by Kuo (1967):

We shall define behavioral epigenesis as a continuous developmental process from fertilization
through birth to death, involving proliferation, diversification, and modification of behavior patterns
both in space and in time, as a result of the continuous dynamic exchange of energy between the
developing organism and its environment, endogenous and exogenous. The ontogenesis of behavior
is a continuous stream of activities whose patterns vary or are modified in response to changes in the
effective stimulation by the environment. (p. 11)

With respect to epigenesis, and especially its relation to the perspective I am discussing here,
note that Overton (2011; Overton & Müller, 2012) follows in a long line of developmentally ori-
ented scientists (e.g., Kuo, 1967; Moltz, 1965) in embracing the concept. His discussions reflect
the breadth of his interests and his widespread impact on this discipline. Overton (2010) states
that epigenesis

is the principle that the role played by any part of a relational developmental system—gene, cell,
organ, organism, physical environment, culture—is a function of all of the interpenetrating and coact-
ing parts of the system. It is through complex relational bidirectional and multidirectional reciprocal
interpenetrating actions among the coacting parts that the system moves to levels of increasingly
organized complexity. . . . Epigenesis also points to a closely related feature of transformational
developmental change: emergence. Transformational change results in the emergence of system
novelty. (p. 7)

We know from the work of Gilbert Gottlieb (2004) that developmental outcomes are proba-
bilistic, rather than predetermined, as the central dogma of genetic dictates. Events at all levels
influence all phenotypic outcomes, structural as well as behavioral (see Lux, 2013); in other
words, everything influences everything! Valsiner and Scheithauer (2013) referred to Gottlieb’s
model of probabilistic epigenesis as “bold.” In an excellent article outlining corroborative
findings of Gottlieb’s model, Molenaar (2007) summed it up this way:

It is a tribute to the genius of Gilbert Gottlieb that his key notion of probabilistic epigenesis and his
profound critique of developmental behavior genetics, both integral parts of his theoretical work, find
such strong corroboration in mathematical biology and mathematical statistics. (p. 142)

A key point in Gottlieb’s probabilistic epigenesis is that phenotypic outcomes (behavioral and
structural) are not due to genetic or environmental factors, but to the developmental process
itself. Gottlieb, as had Waddington before him, understood that there was no one-to-one relation
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PHYSICS, BIOLOGY, AND DEVELOPMENTAL SCIENCE 15

between a gene and a phenotypic character (Speybroeck, 2002). Then, as now, we recognize that
genes work together to form gene networks (Slavich & Cole, 2013).

These ideas have evolved, as has our understanding of genetics, and especially just what genes
are, or are not. “It is almost common knowledge among biologists and philosophers of biology . . .

that the classical molecular gene concept is not sufficient any longer in the face of the complex
interactive processes being reported by molecular biology” (Neuman-Held, 2001, p. 69). Indeed,
since the development of the modern synthesis in mid-20th century, the very notion of just what a
gene is has changed (Keller, 2002; Speybroeck, 2002). It is no longer sufficient to speak of “the”
gene; the term has come to mean different things to different people. It may be that “gene” is
not so much an identifiable “thing” as it a “process” involved in binding DNA to other factors
that act together in polypeptide production. 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 (Keller, 2002). In fact, “Up until 1962 it was problematic to
physically identify one gene from another” (Speybroeck, 2002, p. 63), at the time genes lacking
physical identity.

The larger point here is that through experimental studies of developing organisms, it has
become clear that the conceptualization of the gene as held by the central dogma was untenable; it
would not explain empirical findings. The genocentrism of developmental behavior genetics, long
criticized by Gottlieb (Molenaar, 2007), is giving way to the model I favor in this article, RDS.
Despite the hailed successes of the Human Genome Project, “it raised as least as many questions
as it answered” (Masterpasqua, 2009, p. 194). No less a genetic scholar as Lewontin (2000) has
also acknowledged that the impact of the Human Genome Project on our understanding of genetic
influences on behavior was minimal (Lewontin, 2000).

CONCLUDING COMMENTS

I have tried to summarize in this article how some new ideas from biology and physics relate
to developmental science, specifically to RDS theory, or what Lickliter (2013) more generally
refers to as “Psychobiological systems theory” (p. 79). In doing so it was necessary to review
essential concepts from contemporary physics, cosmology, and molecular biology. Thus, com-
plexity, emergence, self-organization, behavior genetics, epigenesis, and epigenetics were briefly
discussed. Nonlinear dynamic systems theory provides a theoretically consistent language with
which to describe and analyze behavioral development. Nonlinear dynamics contains a lexicon of
concepts pertaining to change processes over time that does not exist in any other known theoret-
ical system. Dynamic models allow us to compare and contrast seemingly unrelated phenomena
that often share common dynamical structures. Nonlinear dynamics and complex systems anal-
ysis are continuing to help revolutionize our understanding in many of the life sciences, though
these ideas are just beginning to find their way into mainstream psychology and especially in
developmental science. This situation was summarized by Stuart Kauffman (1993), a leading
figure in the widespread application of these ideas as follows:

Eighteenth-century science, following the Newtonian revolution, has been characterized as devel-
oping 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. (p. 173)
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Over the past few decades there has been a burgeoning of theoretical developments across
a diverse set of disciplines including developmental psychology, sociology, developmental
epidemiology, psychobiology, and embryology—in a word, developmental science (Bergman,
Cairns, Nilsson, & Nystedt, 2000) that have a common conceptual foundation and methodolog-
ical approach. Although these theoretical formulations may differ somewhat in their specifics,
they share a core set of common assumptions such that Bronfenbrenner referred to these inter-
disciplinary advances as an “emergent convergence and isomorphism” (cited in Cairns, Elder, &
Costello, 1996, p. ix). It is in this context that Rumbaugh’s (Rumbaugh et al., 1996) proposals of
“emergent learning” will play an important role in developmental science in coming generations.

I close with a set of apt quotations, statements that demonstrably link psychology and
developmental science with theoretical developments in science in general:

We know that our universe obeys simple low-level rules—laws of nature, including rules for sub-
atomic particles and for space and time. We also know that life behaves in ways that do not seem to
be built explicitly into those rules. Life is flexible; life is free; life seems to transcend the rigidity of
its physical origins. This kind of transcendence is called “emergence.” Emergence is not the absence
of causality; rather it is a web of causality so intricate that the human mind cannot grasp it. We cannot
understand how a frog works by listing the movement of every atom in it. In some sense, the atoms are
the cause of the frog’s behavior–but that’s a totally useless way to approach frog biology. In order to
understand the deeper significance of life we need an effective theory of emergent features. (Stewart,
2002, pp. 7–8)

Additionally, I refer to comments by Goldstein (1999), though made 14 years ago are still
pertinent to the current discussion:

An appeal to emergence is thus a way to describe the need to go to the macro level and its unique
dynamics, laws, and properties in order to explain what is going on. The construct of emergence is
therefore only a foundation on which to build an explanation, not its terminus. (p. 58)

Finally, there is the fact that complexity science is only in its infancy. As it matures, better quantitative
tools will be coming forth that offer richer ways of studying emergent phenomena. (p. 68)

And finally, reinforcing the “newness” of these ideas is this assessment by Waldrop (1992): “the
science of complexity—a subject that’s still so new and so wide-ranging that nobody knows quite
how to define it, or even where its boundaries lie” (p. 9).
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