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Abstract Evolutionary systems biology (ESB) aims to integrate methods from systems biology and 
evolutionary biology to go beyond the current limitations in both fields. This article clarifies some 
conceptual difficulties of this integration project, and shows how they can be overcome. The main 
challenge we consider involves the integration of evolutionary biology with developmental 
dynamics, illustrated with two examples. First, we examine historical tensions between efforts to 
define general evolutionary principles and articulation of detailed mechanistic explanations of 
specific traits. Next, these tensions are further clarified by considering a recent case from another 
field focused on developmental dynamics: stem cell biology. In the stem cell case, incompatible 
explanatory aims block integration. Experimental approaches aim at mechanistic explanation and 
ignore dynamical system models that offer explanation in terms of general principles. We then 
discuss an ESB case in which integration succeeds: search for general attractors using a dynamical 
systems framework synergizes with the experimental search for detailed mechanisms. Contrasts 
between the positive and negative cases suggest general lessons for achieving an integrated 
understanding of developmental and evolutionary dynamics. The key integrative move is to 
acknowledge two complementary aims, both relevant to explanation: identifying the space of 
possible dynamic states and trajectories, and mechanistic understanding of causal interactions 
underlying a specific phenomenon of interest. These two aims can support one other in a joint 
project characterizing dynamic aspects of evolving lineages. This more inclusive project can lead to 
insights that cannot be reached by either approach in isolation.  
 
Keywords Evolutionary systems biology (ESB) • Developmental biology • Stem Cells • Dynamical 
systems theory (DST) • Level of explanation • Covering laws • Mechanism 
  

* The authors contributed equally to this work.   

 1 

                                                        

http://link.springer.com/article/10.1007%2Fs13752-014-0185-8
mailto:yogi.jaeger@crg.eu


Draft version. The final version is published in Biological Theory, online: 
http://link.springer.com/article/10.1007%2Fs13752-014-0185-8 
 
 
 
Introduction 
 
“The fox knows many things, but the hedgehog knows one big thing.”  
Attributed to Archilochus in Isaiah Berlin (1953) 
 
Many systems biologists conceptualize their research aim as identification of biological design 
principles (e.g., Csete and Doyle 2002; Alon 2007). Biological design principles are typically 
understood as recurring patterns of regulatory organization that relate to types of biological 
function, such as homeostasis, sustained oscillations, and a wide range of other cell-, tissue- or 
organ-specific processes(Jaeger and Sharpe 2014).1 This cross-fertilization of engineering and 
biology has yielded many valuable insights. An important example is the exploration of shared 
formalization schemes for common design principles in the two domains, such as feedback loops, 
bi-stable switches, functional redundancy, and modularity. However, the systems approach to 
design principles has also been criticized for encouraging adaptationist assumptions (Lynch 
2007a,b) and treating evolution as a mere “downstream appendix” to functional analysis (Cain et al. 
2008; Knight and Pinney 2009).  

The new field of evolutionary systems biology (ESB) aims to address these concerns by 
putting results of systems biology in proper evolutionary context (O'Malley 2012). A key part of this 
project is to identify evolutionary design principles, i.e., general principles of evolutionary change 
that result in common structural and functional patterns (Steinacher and Soyer 2012). 2 
Importantly, these principles are not conceived as solely determined by selection pressures and 
“optimal design” but also reflect developmental, physicochemical, and genetic constraints (Wagner 
2011a). Thus, ESB aims to address an important gap in evolutionary theory.  

Understanding the effects of these various constraints is important for evolutionary biology, 
because the generation of phenotypic variation remains poorly understood. Many phenotypic traits 
are stable across a wide range of genotypic variation, while some traits cannot appear in particular 
lineages due to the complex network of entangled causes involved in their production. For example, 
the evolution of segment determination in insects is not only governed by available genetic 
variation and selection but also by features of organismal development and physicochemical 
constraints that set boundaries for biochemical reactions along embryonic axes (Wagner 2011a). 
Because of the prevalence of such constraints, an integrated understanding of evolutionary and 
developmental dynamics is needed to account for the non-linear genotype-phenotype relations 
(Wagner 2011b; Jaeger and Crombach 2012). A further hope is that general principles of evolution, 
combined with detailed models of causal relations, can lead to a deeper mechanistic understanding 
of phenotypic transitions, ultimately transforming evolutionary biology into a predictive science 
(Papp et al. 2011).  

ESB therefore raises a number of philosophically interesting questions about compatibility 
of different explanatory approaches. In this article, we focus on conceptual tensions that arise when 
trying to integrate general as well as specific explanations of developmental and evolutionary 
dynamics. A related question is whether ESB can significantly contribute to an “extended 
evolutionary synthesis” that integrates different fields focused on evolution and development, 

1 Note that the search for design principles does not imply a designer or 
necessarily rely on a comparison between intentional design and natural 
selection. 
2 Other terms used to express the same idea are ‘generic principles’ (Newman 
1993, 1994, Hogeweg 2012) and ‘laws of evolution’ (Koonin 2011, Koonin and 
Wolf 2010). 
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respectively (Carroll 2000; Pigliucci 2009; Pigliucci and Müller 2010; O’Malley 2012). Such an 
extended synthesis, according to its proponents, is pitted against the background of the Modern 
Synthesis of the 1930s and 1940s that fused elements of Darwin’s theory with Mendelian genetics, 
and subsequently narrowed its focus on selection causing variation in gene frequencies in 
populations. The study of development was largely excluded from this evolutionary research 
program, which concentrated instead on the genetic basis for adaptive inheritance. Although 
marginalized by mid-20th century evolutionary biology, a number of developmental biologists 
continued to investigate the processes leading to the variation on which selection acts. This line of 
research led to the emergence of evolutionary developmental biology (EvoDevo), with the explicit 
aim of integrating the two approaches. However, lack of common ground for understanding 
evolutionary constraints and disagreement about the importance of genetic details engenders 
ongoing debate within EvoDevo, with no single approach rising to prominence (Amundson 2001; 
Collins et al. 2007). 

To clarify these issues, and the prospects for ESB, we examine several cases of previous and 
current research that involve these tensions, and indicate possible ways to resolve them. Clarifying 
the virtues of each of these explanatory frameworks, and indicating how they may be reconciled, 
may reduce unnecessary disagreement and lower disciplinary and explanatory barriers.3 We first 
outline aspects of a debate between 19th century ’neo-Rationalists’ and ‘neo-Darwinians’4, focusing 
on aspects of this tension concerning the explanatory role of general “structural” constraints on 
development and evolution. We argue that this tension arises not only from different assumptions 
about development and evolution, but also different views about explanation; in particular, the 
appropriate level of detail and importance of generality. To further spell out tensions in explanatory 
aims, we draw on a recent case study from stem cell biology in which experimental researchers and 
theoreticians disagree on the standards of explanation. In this case, the theorists are committed to 
something like the traditional “covering law” model, deriving insight from general principles, while 
experimental stem cell researchers aim at detailed, mechanistic explanations. It vividly illustrates 
how lack of integration results from different explanatory aims, if divergent standards for 
explanation are not reconciled. We then present an example of recent ESB research that 
demonstrates how tensions between different explanatory approaches can be overcome. In this 
case, the quest for general principles of development is based on the quantitative and modeling-
based investigation of a specific, experimentally tractable developmental gene regulatory network. 
Molecular and genetic experimental studies yield detailed insights into regulatory mechanisms 
involved in specific developmental and evolutionary processes, and also support a data-driven 
computational analysis of different possible evolutionary trajectories. 

We draw several lessons from these contrasting examples. The main result is that different 
explanatory strategies (principles accounting for common patterns, or mechanistic models 
accounting for particular processes) can play complementary and mutually supporting roles in 
addressing questions about (1) the space of biologically possible states and trajectories, and (2) the 
causal processes underlying specific biological mechanisms. Furthermore, this integrative 

3 We do not dispute the possibility that tensions between fields can be productive in research in shaping 
specialized fields. However, when relevant aspects are not integrated due to such disagreements, it may 
hinder progress in science. 
4 The terms, due to Smith (1992), will be clarified in the following section.  The notions of neo-Rationalism 
and neo-Darwinism are perforce somewhat ambiguous and refer to two streams of biological research 
drawing on common organizing concepts rather than well-defined research programs. Smith’s (1992) notion 
of neo-Rationalism is slightly misleading since it gives the impression that this stream involves a purely 
philosophical program. With these caveats in mind, we shall however continue with these terms for the sake 
of simplicity. 
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framework clarifies why development is of key importance to evolution. Because developmental 
dynamics, together with other non-selective factors, co-determine the effects of genetic changes on 
phenotypes, the space of developmentally stable patterns will provide information about which 
phenotypes can evolve via natural selection.  
 
Integration Challenges for Evolutionary Systems Biology  
 
In this section, we outline integration challenges in the emerging field of ESB, based on the history 
of tensions between different evolutionary fields, and on recent discontinuities between dynamical 
systems (DS) theorists and experimental biologists.  
 
The Historical Dispute over Evolutionary Explanations 
 
Studies of development and evolution have often developed separately, or even in conflict (Depew 
and Weber 1995). We trace the historical roots of this separation to tensions between so-called 
neo-Rationalists and neo-Darwinians. These terms refer to distinct clusters of subfields: on the one 
hand, rational morphologists, structuralists, and developmental system theoreticians (e.g., Riedl 
1978; Oster and Alberch 1982; Webster and Goodwin 1996), and on the other, proponents of a 
stream of modern evolutionary genetics focused on studying the effects of natural selection (e.g., 
Dawkins 1976; Mayr 1983).5 The two groups disagree on the explanatory relevance of genes, 
natural selection, and developmental constraints on evolutionary processes, as well as on the key 
explanatory aim of biology. Neo-Rationalists, broadly speaking, aim to identify general principles 
that account for stability and change of morphological patterns, while neo-Darwinians aim to 
explain specific adaptations in terms of the effects of natural selection (Smith 1992; Amundson 
1994). In this article we will not be concerned with adaptationism, an issue that is orthogonal to the 
tensions in explanatory aims and standards that we examine.6 

Though Darwin (1859) was interested in the “laws of variation” shaping the generation of 
distinct forms, a century later the focus of evolutionary biology had shifted to study of the genetic 
basis for adaptive inheritance. For neo-Darwinians, however, constraints merely defined limiting 
boundaries for the variation that selection acts on. Focus on adaptive phenotypic variation as a 
result of natural selection acting on genetic variation in populations left only a marginal 
explanatory role for developmental constraints as limiting boundaries for trait optimization 
(Griffiths 1996). On this perspective, what needed to be explained was not the constraints 
themselves, but how natural selection operated against the background conditions of constraints 
(Amundson 1994, 2001). This passive and negative notion of constraint, however, was 
unacceptable for structuralists and developmental biologists who emphasized the productive or 
generative aspects of structural rules and isomorphic principles of development (Goodwin 1982; 
Oster and Alberch 1982; Salazar-Ciudad 2006; Webster and Goodwin 1996). In other words, Neo-
Rationalists viewed evolution as structurally constrained, and took investigation and identification 

5 See Amundson (2001) for a historical review of the 18th and 19th century debates on the notion of heredity, 
homology and constraints. 
6 Historically, these issues have been related. As we shall see in the following, neo-Rationalists argued against 
the focus on selection as well as on genetic details in neo-Darwinian approaches. But the issue of 
adaptationism is orthogonal to the question of the relevant level of explanation. E.g. a very powerful criticism 
of the focus on adaptive function has come from evolutionary geneticists who have emphasized how neutral 
evolution should also be considered a driving force of evolution (e.g., Kimura 1985, Lynch 2007a, 2007b).   
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of such general constraints to be a key aim of biological research.7 They emphasized formation of 
discrete types rather than blended inheritance corresponding to genetic variation, reasoning that 
some principles must reduce phenotypic variation through development. 

Furthermore, neo-Rationalists criticized the gene-centered approach, which took genes to 
be the central causal agents driving evolutionary processes (e.g., Dawkins 1976, criticized in 
Goodwin 1994, and Webster and Goodwin 1996). For structuralists, genes were important insofar 
as they determine the parameters of developmental systems. But on this view, effects of genetic 
changes are contextualized by higher-level organizational principles of developmental processes 
rather than being determined by a bottom-up genetic program (Jaeger and Monk 2013). This 
approach therefore stresses the need to understand how non-genetic as well as genetic factors are 
organized to produce stable phenotypes. 

We can understand the disagreements between neo-Rationalists and neo-Darwinians in 
terms of different requirements for the target and scope of biological explanations (Table 1). First, 
the two groups see the main target of biological explanation differently. They are, in essence, asking 
different questions. Whereas the neo-Darwinian proponents are interested in explaining the origin 
of particular biological characters by identifying genetic and phenotypic variation in specific 
populations to study the effects of selection, neo-Rationalists aim for general evolutionary 
principles that could, for example, explain the striking robustness of phenotypes despite the 
presence of genetic variation. In other words, the lack of variation among characteristics of species 
is an important target of explanation for neo-Rationalists (Griffiths 1996). From the perspective of 
neo-Darwinians, invariant character traits are less interesting for understanding evolutionary 
change since positive selection operates on phenotypic variation in populations. Their main aim is 
to explain the evolutionary effects of variation and selection, not to explain why or how this 
variation originates (Amundson 2001). 
 
 
 Neo-Rationalists Neo-Darwinians  

Target of explanation 

General features 
determining the (lack of) 
variation among 
morphological traits 

Adaptive effects of natural 
selection based on genetic 
and phenotypic variation 

Level of explanatory target Phenotypic, at the level of 
the individual 

Genetic, at the level of the 
population 

Type of explanation 
General principles or laws 
that subsume the existence 
of generic forms 

Historical explanations of 
the origin of particular 
traits due to natural 
selection and variation 

Table 1. Summary of the explanatory differences between Neo-Rationalists and Neo-Darwinians. 
 
These differences not only reflect different preferences for research topics in biology but a 
profound disagreement on the relevance of developmental processes for understanding evolution. 
For instance, when faced with convergent evolution (the presence of functionally similar traits in 
distantly related species), neo-Darwinians would look for common selection pressures to explain 
the convergence, whereas neo-Rationalists would emphasize shared principles of organization in 

7 An exception is of course stabilizing selection but the basic point is the same in this case – the interest is in 
selection of functionally beneficial traits rather than non-selective processes that generate variation or 
stabilize patterns.   
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the two lineages (Smith 1992). Thus, whereas neo-Darwinians look for answers in terms of 
selection affecting genetic variation in populations, neo-Rationalists seek for higher-level 
regularities that explain why some phenotypes are more commonly observed than others in 
biological systems. 

Neo-Darwinians and neo-Rationalists also differ as to what is considered a satisfactory 
explanation. Many biologists today consider natural selection to be the only ordering principle of 
evolutionary change. However, this view is challenged by an increasing amount of evidence from 
modeling-based and experimental studies. The ultimate aim of process structuralism is to “establish 
a new, fully rational science of biology whose laws underlie and subsume those of both 
evolutionary and developmental theory” (Smith 1992, p. 434). Structuralists see the existence of 
general principles of evolution and self-organization as a challenge to purely selectionist 
explanations within the neo-Darwinian framework (Goodwin 1994, 2009). An important example 
of this attempt was Kauffman’s demonstration of non-selective principles of self-organization in 
Boolean networks (Kauffman 1970, 1993, 1995).8 This conceptual framework influenced a broad 
range of investigations of modularity, robustness, and evolvability and the role of complex epistatic 
interactions in regulatory processes over the last four decades (Depew and Weber 1995; Wagner 
2011b). Neo-Rationalists hope that this type of work will reveal general principles of evolutionary 
dynamics rather than purely historical, selectionist explanations of biological contingency that 
dominate the neo-Darwinians’ explanatory framework (Goodwin 1982, 2009; Goodwin et al. 1993; 
Webster and Goodwin 1996). Thus, whereas neo-Darwinians intend to explain the processes that 
have caused adaptive variation among specific populations and species, neo-Rationalists aim for 
generative laws that unify selective and non-selective aspects of evolutionary change (cf. Dawkins 
1976; Mayr 1983, 2005; Goodwin 1994).9 

As a consequence of the debate on Kauffman’s work, many came to see adaptation and self-
organization as competing theories. Richardson (2001), however, argues that this opposition rests 
on a false dichotomy: search for general principles of self-organization and explanations of specific 
selective pressures target different aspects of the same problem. Richardson views these 
perspectives as complementary rather than conflicting, analogous to proximate causes versus 
general principles in physics. Amundson (2001) draws on a similar comparison to comment on the 
gap between general principles of development and adaptationist explanations of particular traits. 
Because the two answer questions at different levels of abstraction, he contends that “[i]t would be 
futile to argue, for example, that statistical thermodynamics suffers from insufficient attention to 
the actual paths of the individual molecules of a gas as they strike the walls of a container” 
(Amundson 2001, p. 316). When neo-Rationalists largely ignore genetic details it is because these 
are not considered important for the general principles they seek.10 Likewise, neo-Darwinians may 
not care about why variation in a particular trait is available and how it comes about, because they 

8 Kauffman explicitly stated that the spontaneous sources of order at the same time enable and limit the 
efficacy of natural selection. For a philosophical perspective on the relation between principles of self-
organization and adaptation, see (Burian and Richardson 1990, Richardson 2001). 
9 It should be noted that neo-Darwinian explanations can be general too. Similar disagreements regarding 
general and detailed explanations also exist within this approach, e.g. between proponents of equilibrium 
studies and researchers arguing for the need for detailed phylogenies and population histories (Amundson 
2001). Similarly, not all approaches to development focus on general principles as structuralists do. However, 
we here concentrate on the discrepancies between neo-Darwinism and neo-Rationalism. 
10 Goodwin has become known for rather provocative statements on the unimportance of genes. But, in 
particular in his later work, Goodwin argued that genes are indeed important to understand evolution and 
development. What he stressed was, however, that this role can only be understood against the background 
of the organization of developmental systems (Jaeger and Monk 2013). 
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are concerned with the effects of natural selection given a particular observable distribution of 
phenotypic variation. Higher-order principles (e.g., self-organization in Kauffman’s framework) do 
not include specific conclusions about particular genes or populations because the formal 
constraints they provide do not account for biological contingencies. Because neo-Darwinian and 
neo-Rationalist approaches focus on different targets and scopes of explanation, they need not be in 
conflict. But integrating these approaches requires more than mere consistency.  

To bridge the gap between the search for specific adaptive explanations and for general 
constraints on development and evolution, Oster and Alberch (1982) as well as Goodwin (1982) 
propose the framework of dynamical systems theory (DST) as a conceptual foundation for 
integration. The basic idea is to draw on this framework to describe organisms as dynamic 
processes, characterized not only by the historical lineage they belong to but by similarities of 
generative patterns that determine the possible evolution of phenotypes. In DST, a set of equations 
determines how state variables change over time (Strogatz 2000). This framework allows 
researchers to determine the morphological potential of a system, which in turn delimits the range 
of the variation on which selection can act. In this way, principles of biological organization are 
defined by the range of phenotypes a system can or cannot implement. These principles are central 
to any evolutionary theory, as they define what selection can act on11. A key theoretical feature of 
many complex systems is that they often produce only a limited set of robust dynamic patterns that 
resemble each other in specific ways (Kauffman 1993; Webster and Goodwin 1996). Based on this 
insight, it may be possible to identify a set of general principles that give rise to biological forms 
quite independently of historical contingencies. Webster and Goodwin (1996) provide some 
examples for such robust patterns, such as the branching morphogenesis of whorls during 
regeneration in the unicellular alga Acetabularia. However, such examples do not correspond to the 
molecular details of interest to experimentalists, many of whom consider the central concept of a 
generative process (or morphogenetic field) to be a highly theoretical abstraction without direct 
practical application (Jaeger and Monk 2013). This tension between DST and experimental research 
is also pronounced in the research context of modern stem cell biology. 
 
Dynamical Systems and Stem Cell Biology  
 
Recently, some theoretically-minded biologists have started to use a DS framework to model stem 
cells in terms of attractors (e.g., Huang 2009b). The response from experimental researchers (or 
lack thereof) nicely illustrates the obstacles to integration between scientific approaches that 
prioritize general principles or specific causal mechanisms, respectively. Stem cells are cells with 
“dual potential”: to produce more stem cells (self-renewal), and to give rise to mature specialized 
cells (differentiation).12 Many researchers seek to harness these abilities for medical and scientific 
use. Yet, despite impressive experimental advances, stem cells remain poorly understood. 
The DS approach to stem cells proposes a “framework of first principles of regulatory dynamics” as 
a way to advance our understanding of these multipotent, self-renewing cells (Huang 2009b, p. 
546). In this approach, general principles of DST are the basis for models of genetic regulatory 
networks (GRNs). These models, in turn, explain dynamic stem cell behaviors. Thus, DS theorists 

11 Whereas some, including Mayr himself, saw development as ‘proximate’ biology, one could say that 
development in this view becomes even more ‘ultimate’ than natural selection because selection is based on 
variation generated by these processes (Amundson 2001).   
12 See, for instance, Melton and Cowan (2009, xxiv), and Ramelho-Santos and Willenbring (2007, 35). Stem 
cells vary in their differentation potential, being designated as pluri-, multi-, oligo-, or uni-potent, depending 
on the range of cell types they can produce. These distinctions do not affect the arguments here. For 
simplicity, we refer to stem cells as ‘multipotent’ in what follows. 
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aim to explain fundamental aspects of cell and organismal development, heretofore studied 
primarily by experimental methods that reveal detailed causal mechanisms, in terms of systems-
level “first principles.” Though evolution is not modeled in this case, tensions between the 
approaches parallel those between neo-Rationalists and neo-Darwinians. DS theorists prioritize 
general principles in a dynamical systems framework, while experimental stem cell researchers 
focus on detailed and specific molecular mechanisms underlying stem cells’ potential and behavior. 
It will be helpful at this point to introduce the DS framework in more detail. We begin with GRNs, 
the explanatory models offered by DS theorists working on stem cells (and many other cellular and 
developmental systems). 

A GRN is a model consisting of a finite set of elements (nodes) {X1, X2, … , Xn} that represent 
products of gene expression13. These products are often transcription factors or signaling 
molecules that regulate the expression of other genes. Thus, nodes are linked by edges, forming a 
network that represents regulatory interactions among genes and regulatory factors. Each node is 
characterized by a value of the associated state variable, which represents, for example, the gene 
expression level {x1, x2, … , xn} at time t. 

All possible combinations of values of the state variable for each node define the state (or 
phase) space of the network. State space is two-dimensional for a two-node network, three-
dimensional for three nodes, etc. At any given time, the network as a whole occupies a specific point 
in state space. Because gene products influence one another’s expression, there are constraints on 
possible states of the system. Some combinations of values of the state variable cannot be 
maintained over time, while others are stable. Given a set of initial values for the state variables 
(the initial condition), the network undergoes changes in the pattern of gene expression over time, 
which are represented as a trajectory in state space. The totality of trajectories is called the ‘flow’ of 
the system. Eventually, for any given trajectory, the state variables come to occupy a limited range 
of values, an attractor, which can consist of a point, a cycle, or a more complex sub-region of state 
space (Strogatz 2000). Attractors can be created or annihilated by a process called bifurcation. 

The set of initial conditions that lead to a specific attractor is referred to as its basin of 
attraction. The boundaries of basins (called separatrices) divide the state space into regions 
determined by the flow of the system. A graphical representation of attractors with their associated 
basins is called the phase portrait of the system. The phase portrait can be visualized in three 
dimensions as a potential landscape, where attractors correspond to low points (local or global 
minima), and the boundaries of attractor basins correspond to ridges and peaks on the surface. 
Attractors may be more or less stable, depending on the size and “depth” of the basin of attraction. 
This representation corresponds to Waddington’s “epigenetic landscape” (Waddington 1940, 1957; 
see also Fagan 2012, Jaeger and Monk, in press for recent discussions). The landscape of a given 
network can be explored by numerical simulation. This allows us to sample trajectories on the 
potential landscape from any given starting position.  
 
 
 
 

13 Though DS theorists often refer to the elements of GRNs as ‘genes,’ they do not represent inert DNA 
sequences alone, but rather focus on the gene’s mRNA and/or protein products. 
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Fig. 1 Illustration of the differentiation dynamics of a stem cell from the DS perspective (see text). 
Modified from Furusawa and Kaneko (2012, Fig. 1).  
 

Certain features of stem cells can be represented by a very simple network, consisting of 
two elements (“genes”) that self-activate and mutually inhibit one another (Fig. 1). Given suitable 
parameter values, this network has two stable attractors, corresponding to high and low levels of 
the two genes, respectively. Which gene is expressed, and which is inhibited, depends on initial 
conditions. In addition, there exists an additional attractor with low co-existing concentrations of 
both factors that lies between these two basins of attraction in the phase portrait. This attractor is 
“meta-stable”: its basin is much less deep than those of the other two stable states. Therefore, a cell 
in this state has a high potential to differentiate in either direction. 

This simple network model provides a dynamical systems definition of “stem cell”: an 
attractor from which other, more stable, attractors can be reached, either through bifurcation 
(Huang et al. 2009; Zhou and Huang 2011; Huang 2011b), or stochastic switching into different 
basins of attraction (Kaneko 2011; Furusawa and Kaneko 2012). This conforms to the more general 
view that cell types can be defined as attractors (Delbrück 1949; Kauffman 1969; Huang 2009a). 

In addition, DS theorists claim that such simple network models explain a number of 
characteristic features of stem cells: wide differentiation potential, low levels of “promiscuous” 
gene expression, the balance of differentiation and self-renewal that maintains a stem cell 
population, and the transition between stem cells and cells “committed” to a particular pathway. In 
this framework, these features are understood by virtue of being reproduced (or “recapitulated”) 
by a simple model, the network circuit. 

Modest assertions, that DS models represent some features of stem cells and offer a 
potentially illuminating perspective on these traits, do not create any explanatory tension. 
However, some DS theorists make very strong explanatory claims; e.g., “Using a dynamic-systems 
approach to explain the differentiation of stem cells, we have described here how fluctuating and 
oscillatory gene expressions underlie the essence of stemness” (Furusawa and Kaneko 2012, p. 
217). 

Such statements suggest that general principles are generally required for satisfactory 
explanation of developmental phenomena. DS theorists often argue that the stem cell model’s 
results (e.g., bifurcating pattern, meta-stability) apply to all of development — including 
pathological conditions such as cancer (Enver et al. 2009; Huang et al. 2009; Zhou and Huang 2011; 
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Kaneko 2011). According to these accounts, DS principles subsume stem cell behaviors to a wider 
domain of phenomena, including normal cell development, cancer etiology, and even evolution of 
multicellular systems (Huang 2011a,b). DS theorists emphasize the generality or universality of 
their models, claiming that if conditions of a model are satisfied, then the “course of differentiation” 
it predicts “appears universally” (Kaneko 2011, p. 408).14 Meta-stability of network states, which 
allows for multiple developmental trajectories, is described as “a universal and fundamental 
principle” of cellular development (Huang 2009b, p. 556). The strongest claims of this kind assert 
that “first principles” or “fundamental laws” are required for explanation of stem cell behavior, and 
development more generally:  
 
Whatever stem cells do, the fundamental laws governing the underlying regulatory systems must 
be obeyed. These, in turn, impose constraints on cell behaviour that cannot be conceived in the ad 
hoc schemes of causal arrows or through metaphors, for the latter are malleable and not anchored 
in mathematical principles. In contrast, if explanations are rooted in a set of first principles, then 
the very existence of particular stem cell behaviours, such as the robustness of multi-potency and 
its destabilization preceding cell-fated decisions, the binary nature of the latter, etc., will follow as 
inevitable, necessary consequence from the mathematics and physics of gene-regulatory networks. 
(Huang 2011a, p. 2249) 
 
Theorists committed to the ‘general principles’ approach often dismiss causal mechanistic models 
proposed by experimental researchers as “ad hoc,” “hand waving,” or metaphorical.  

Yet many experimental stem cell researchers also seek to explain stem cell capacities and 
relate them to other developmental phenomena (e.g., Zhou and Melton 2008; Hochedlinger and 
Plath 2009; Yamanaka 2009; Soldner and Jaenisch 2012; Tachibana et al. 2013). However, these 
experimentalists have, for the most part, ignored DS stem cell models and the accompanying 
explanatory claims. This lack of reception is in part due to sociological factors: DS modelers 
typically publish in journals outside the mainstream stem cell biology community, and many 
experimental biologists are unfamiliar with modeling techniques and concepts. But sociological 
factors are not the whole story. Experimental stem cell biology is interdisciplinary and pluralistic. 
Other strands of systems biology, such as high-throughput data collection, computational models, 
and regulatory network representations, have been eagerly taken up by prominent stem cell 
researchers (e.g., Lu et al. 2009; MacArthur et al. 2009; van den Berg et al. 2010; Zenobi 2013). The 
failure of “principled” DS models to find an audience of experimental stem cell biologists is unusual. 

One important reason for experimentalists’ lack of interest in principled DS explanations is 
that the prevailing form of explanation in stem cell biology, like many experimental fields, is what 
philosophers of biology term “mechanistic” (Bechtel and Richardson 1993; Glennan 1996; 
Machamer et al. 2000). Mechanistic explanations aim to accurately describe how a complex system 
of interest works in terms of its interacting components and their spatio-temporal organization. 
Explanations of this kind often have a narrow explanatory scope, being concerned with a particular 
system or kind of system.15 This does not mean that mechanistic explanations cannot be general, 
but that generalizations are not required for such explanations to succeed. Mechanistic 
explanations are constrained by the norm of accurate representation of real components, causal 

14 Full quotation: “As long as such gene expression dynamics allows for oscillation between on and off states 
of gene expression, this course of differentiation appears universally” (Kaneko 2011, 408). 
15 Some philosophers of biology defend accounts of mechanisms that do require laws, generalizations, or 
abstraction (e.g., Glennan 1996). However, the prevailing view of mechanistic explanation in biology is that 
laws or general principles are not required. 

 10 

                                                        

http://link.springer.com/article/10.1007%2Fs13752-014-0185-8


Draft version. The final version is published in Biological Theory, online: 
http://link.springer.com/article/10.1007%2Fs13752-014-0185-8 
 
 
relations, and organization (e.g., Kaplan and Craver 2011).16 

The principled DS explanations, on the other hand, conform to the classic “covering law” 
account, according to which an event is explained by deriving a description of its occurrence from a 
general law and initial conditions. Covering-law explanations take the form of logical derivations, 
and successful examples cover a wide range of different phenomena with the same law or set of 
laws (Hempel and Oppenheim 1948, Salmon 1989). Explanations of this kind formally resemble 
predictions, and show the phenomenon of interest is to be expected, subsumed to the wider domain 
covered by the law. 

In the DS models discussed above, general principles of dynamical systems and robust 
regulatory motifs (such as the simple circuit that replicates features of stemness) play the role of 
laws, while gene expression levels at the start of a trajectory provide initial conditions. A wide 
range of initial conditions are “sampled” to derive predictions about the behavior of the overall 
system. The explanandum (stem cell capacities) is rigorously derived from the network 
architecture and initial conditions. DS models are not constrained to describe the detailed causal 
interactions among specific molecules, which underlie cellular developmental phenomena and with 
which mechanistic explanations are concerned. Rather, DS theorists aim to describe how stem cell 
phenomena are possible, via a simple model grounded on principles of DST that cover a wide range 
of developmental and evolutionary phenomena. 

These contrasts in explanatory standards impede integration of theoretical and 
experimental approaches to stem cell research. From each perspective, explanations from the other 
do not seem merely incomplete or flawed – they seem not to be explanations at all. From the 
experimental perspective, DS models are deficient as explanations, because they are “how-possibly” 
rather than “how-actually” models (Craver 2007). Furthermore, the “how-possibly” DS models do 
not attempt to get the molecular and cellular details right. From an experimental point of view, DS 
definitions merely restate in the language of state spaces and attractors what experiments have 
already told us, rather than yielding new predictions or guiding stem cell experiments in fruitful 
new directions.17 On the other hand, from the theoretical perspective, mechanistic explanations are 
merely “ad hoc metaphors” used to describe contingent, surprising, and often paradoxical 
observations (Huang 2011a, p. 2249). Explaining these experimental results requires rendering 
them predictable according to some general principle. 

The stem cell case reveals the importance of (unstated) background assumptions about the 
aims and standards of scientific explanation for interdisciplinary fields and projects. Theoretical 
and experimental stem cell biologists concur about the target of explanation, as well as the form of 
explanatory models (GRNs). Yet their respective explanations fail to connect; neither is recognized 
as explanatory by the other. 
 
Summary of Tensions and Obstacles 
 
Coming back to the context of evolution, we can now clarify the challenges for ESB that emerge 
from tensions between different approaches to explaining developmental and evolutionary 
processes. Contrasts between neo-Darwinian and neo-Rationalist approaches to evolutionary 
explanation include the primary target and level of explanation (generic forms or diversity among 

16 There is considerable debate within the philosophy of biology as to whether this norm is the sole guide to 
constructing mechanistic explanations. However, the basic point that mechanistic explanations aim to capture 
(some) features of real biological systems is widely accepted. 
17This may be too strong; DS models do predict that gene manipulations in reprogramming should produce 
‘oscillation’ in expression levels.  But the models offer no guidance as to which genes those are, which 
undercuts the appeal from an experimental point of view. 
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closely related species). For the neo-Rationalist, the primary aim is to identify general 
organizational principles that define possible and non-possible forms, while neo-Darwinians aim to 
identify genetic mechanisms to account for heredity of specific traits (Smith 1992; Depew and 
Weber 1995). The different stances are tightly connected to the choice of investigative strategies. 
The framework of DST has been proposed to integrate these different aspects (Goodwin 1982; 
Oster and Alberch 1982), and a similar aim is currently to be found in ESB. But to accomplish this, 
evolutionary systems biologists must be aware of contrasting standards of explanation, paralleling 
those described in the previous sections. This section examines these tensions more closely; the 
next outlines a possible way to overcome them. 

In the stem cell case, lack of integration between DS models and experimentally grounded 
molecular mechanisms is in part due to “explanatory imperialism”: one explanatory framework is 
assumed to be sufficient for an interdisciplinary field. But the DS theorists’ modeling project greatly 
differs from the experimentalists’ aim of identifying particular biological mechanisms. Barriers to 
integration arise when these explanatory frames are taken to be mutually exclusive alternatives. 
For instance, Huang (2011a, p. 2249) argues that the pathway-oriented, or mechanistic view, has to 
be replaced with a methodology that derives biological explanations from mathematical “first 
principles.” Thus, DS theorists not only endorse a different view of explanation than 
experimentalists (the covering-law view), but also attempt to impose this standard on another 
scientific community. Experimentalists respond with indifference, dismissing the DS models as 
irrelevant to their own explanatory interests. Both fields continue to move forward, but without 
integrating their explanatory projects. 

“Explanatory imperialism” also plays a role in the historical debate discussed above. Neo-
Darwinians have argued that evolutionary biology can largely do without general generative 
principles, and that development should be classified within what Mayr called proximate biology 
(reviewed in Amundson 2001). On the other side, neo-Rationalists argued that genetic details are 
largely irrelevant for explaining biological form and criticized the preoccupation with historically 
contingent facts. 

Although the DS framework has been offered as a way to integrate these approaches, the 
stem cell case shows that DST can itself be deployed “imperialistically,” impeding explanatory 
integration. The DS theorists’ mistake in that case was to assume that their view of explanation is 
itself universal, ignoring the explanatory practices of experimental stem cell biologists. This should 
serve as a cautionary note for ESB, going forward: focus on general principles can impede 
integration if conceptualized as an exclusive alternative to other modes of explanation. 

The stem cell case also raises further concerns for ESB. First, it shows that the balance of 
experiment and theory for systems biology is still a work-in-progress. Insofar as systems biology is 
committed to integrating mathematical modeling and experiment, the standards of experimental 
approaches cannot be ignored or assumed to be secondary. Striking a productive balance between 
these different methodologies is a challenging task (e.g., MacLeod and Nersessian 2013). In our 
example above, DS theorists assume that their role is to provide stem cell biology with a unifying 
framework, which experimentalists can fill in with details. But researchers committed to 
mechanistic explanation may endorse another view of scientific progress, in which unification is 
achieved by all the relevant fields working to fill out different parts of an initial sketch (Craver 
2007). Such “parity” is also a theme of systems biology, which is committed to integrating data and 
networks involving different sub-cellular components, timescales and levels of organization 
(metabolic, protein-protein, signaling, and transcription). In this respect, systems biology and ESB 
aims may be better accomplished by emphasizing the parity and integrative aspect of different 
explanations, rather than privileging the search for general principles. 
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Developmental and Evolutionary Dynamics: Attractors and Causes  
 
Having identified what we consider them main conceptual challenges for ESB, we next examine a 
case study that combines experimental investigation of detailed regulatory mechanisms with a 
principled structuralist conceptual framework using DST. As in the stem cell case, developmental 
processes are modeled as dynamic trajectories in state space. Here, however, the aim is causal 
explanation of developmental evolution that goes beyond a statistical and correlative model of the 
genotype-phenotype map. A systems-level approach, integrating both developmental and 
evolutionary dynamics, is needed to achieve this goal (Jaeger et al. 2012; Jaeger and Crombach 
2012; Jaeger and Sharpe 2014). 
 
Background and Motivation 
 
The neo-Darwinian approach, with its focus on changes in allele frequency based on simple, 
additive models of genetic effects, is insufficient for understanding systems-level properties of 
evolving developmental processes such as robustness, evolvability, or complex epistatic 
interactions between regulatory genes. As discussed above, this is due to the complex many-to-
many relation between genotype and phenotype (Goodwin 1982; Alberch 1991; Pigliucci 2010; 
Félix 2012). Recent simulation-based studies have further clarified the connection between 
phenotypic robustness and evolvability (e.g., Wagner 2008, 2011b). The existence of connected 
“invariant sets of genotypes” (Goodwin 1982) — sometimes called “neutral” or “genotype spaces” 
(Wagner 2011a, 2011b) — that produce the same phenotype under given environmental 
conditions allow for accumulation of cryptic genetic variation in an evolving population. At the 
network level, this results in neutral rewiring of regulatory interactions, a phenomenon called 
developmental system drift (True and Haag 2001, Haag 2007). Such drift in turn facilitates the 
transition to novel phenotypes by further non-neutral mutations, a process which can be 
significantly accelerated by phenotypic plasticity due to changes in environmental conditions 
(Espinosa-Soto et al. 2011; Wagner 2011b,c). 

Although these simulation-based studies shed much light on potential paths to evolutionary 
innovation, they do not explain the existence and structure of genotype spaces in the first place. 
This lack of a causal insight into the complex nature of the genotype-phenotype map poses major 
challenges for predicting possible phenotypic transitions, and for understanding what features 
makes some developmental and evolutionary patterns especially robust (Jaeger and Monk, in 
press). DST provides a framework to integrate the different explanatory approaches to 
development and evolution, yielding models based on experimental research. 

In the approach examined in the following, detailed dynamical models are constructed to 
study the structure of specific state spaces bottom-up from empirical investigations. This is a 
challenging task due to the overwhelming complexity of biological systems. Forward-modeling 
techniques, i.e., models based on detailed and quantitative measurements of all relevant biophysical 
systems parameters (binding rates for regulatory factors, diffusion constants, etc.), have 
successfully predicted the behavior of a number of biological systems. However, this approach 
remains difficult to generalize, since biophysical parameter measurements are difficult (if not 
impossible) to obtain in many cases (for details see Jaeger and Crombach 2012). 

To overcome this limitation, theoretical studies pioneered by some of the neo-Rationalists 
suggest that not all molecular details are needed to identify key principles of development and 
evolution. Even highly complex systems, they argue, have a limited set of attractors (and associated 
basins) and display regularities in their transient dynamic behaviors (Thom 1976; Kauffman 1993; 
Webster and Goodwin 1996). Furthermore, there are only a limited number of possible transitions 
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between dynamical regimes (Jaeger et al. 2012; Jaeger and Crombach 2012; Jaeger and Monk 
2014). This suggests that a general theory of biological pattern formation may be a realistic and 
attainable goal in principle. 

However, the main challenge remains to connect these general theoretical insights to 
specific, experimentally tractable, biological systems. General principles of biological regulation can 
only be confirmed by modeling a large number of real-world evolving systems in an accurate and 
quantitative way. Thus, what is needed is an ability to model specific developmental repertoires in 
sufficient detail to capture particular regulatory mechanisms (Jaeger and Sharpe 2014), but without 
requiring systematic, detailed, and precise measurements of biophysical parameters. To identify 
the relevant parameters in evolving developmental processes remains far from trivial. 

The most promising approach to data-driven dynamical modeling in ESB today consists of a 
combination of reverse engineering and evolutionary simulations (Jaeger and Crombach 2012). 
This approach was pioneered by Reinitz, Sharp, Hogeweg, and others, in the context of 
developmental GRNs(Mjolsness et al. 1991; Reinitz and Sharp 1996; Hogeweg 2012). It generates 
models that can be improved through iteration of experimental measurements and increasingly 
accurate simulations. 

Reverse engineering is based on fitting coarse-grained computational models of regulatory 
networks to quantitative gene expression data, which are easier to obtain than most biophysical 
parameter measurements. In this approach, systems parameters are not measured directly, but 
inferred through the fitting procedure (Jaeger and Monk 2010). Traditionally, reverse engineering 
has focused on inference of static network structure. But recent advances in global optimization 
algorithms now allow researchers to obtain full, non-linear dynamical models of certain 
developmental processes (Banga 2008; Ashyraliyiev et al. 2009; Jaeger and Monk 2010). These 
models can then be used as the starting and end points of data-constrained in silico evolution 
simulations (Kaneko 2011; Jaeger and Crombach 2012, Hogeweg 2012; François 2012). The 
advantage of the combined approach is that it allows for the connection of “general insights gained 
from simulations of network ensembles to studies of specific evolving developmental gene 
regulatory networks” (Jaeger and Crombach 2012, p. 114). 
 
Empirical Studies of Evolutionary and Developmental Dynamics 
 
We will illustrate this approach with a specific example. One of the authors (JJ) has been involved in 
a recent effort to reverse-engineer the developmental and evolutionary dynamics of the gap gene 
system (reviewed in Jaeger 2011), a GRN used to explain segmental patterning in the early embryo 
of the vinegar fly Drosophila melanogaster and other dipteran insects (flies, midges and mosquitos). 
Gap genes are regulated by protein gradients expressed from the mother’s genome. Different 
concentrations of these maternal morphogens lead to the activation of different combinations of 
gap genes, expressed from the embryonic or zygotic genome in nuclei along the major, or anterior-
posterior (A-P), axis of the embryo. Gap genes encode transcription factors, which are regulatory 
proteins that regulate each other’s expression in a complex interlocked arrangement of feedback 
loops (Jaeger 2011). 

Jaeger and colleagues use the general dynamical systems framework proposed by Oster and 
Alberch (1982) and Goodwin (1982), in the form of the connectionist approach proposed by 
Mjolsness et al. (1991), to construct an integrated model of a specific developmental GRN. As in the 
stem cell case, dimensions of the state space under study correspond to the concentrations of 
regulatory factors — the state variables of the system (Jaeger et al. 2004a,b; Manu et al. 2009a,b; 
Jaeger and Crombach 2012). In contrast to stem cell development, the full set of relevant 
transcription factors involved in gap gene regulation is known. 
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What is sought in the analysis is an understanding of the dynamical repertoire of the 
network, i.e., what kind of patterns (phenotypes) it can or cannot produce. Regulatory interactions 
between regulatory factors are defined by system parameters: gene regulation is represented by an 
interconnectivity matrix whose elements stand for activation (if positive), repression (if negative), 
or the absence of a regulatory interaction (if close to zero) between a regulator and its target 
(Mjolsness et al., 1991; Jaeger and Monk 2010). In this way, the parameter matrix describes the 
type and strength of regulatory interactions, and hence the regulatory structure or organization of 
the network. This structure can be inferred by fitting the model to gene expression data (Jaeger and 
Monk, 2010). 

On one hand, the detailed network structure represents specific regulatory interactions for 
gap gene regulation. On the other, the reconstructed phase portrait defines the evolutionary 
potential of the system by delimiting the dynamical repertoire, and hence the probability of 
transitions between dynamical regimes (Jaeger et al., 2012; Jaeger and Monk, 2014). As we shall 
further clarify below, the reverse-engineered model of the gap gene system neatly integrates the 
two approaches to explanation described earlier. 

A simplified model of a sub-network in the gap gene system illustrates the basic idea (Fig. 
2). Two pairs of gap genes are expressed in mutually exclusive patterns along the A-P axis. Protein 
expression patterns for one of these pairs, the transcription factors encoded by the gap genes giant 
(gt) and Krüppel (Kr) are shown in the upper left of Fig. 2. It is evident from the figure that the two 
transcription factors do not co-occur in the same nucleus. Their expression patterns are mutually 
exclusive. 

In this simplified case, network inference is straightforward and does not require any 
complicated computational algorithms for model fitting. The observed pattern can be explained by 
strong mutual repression between the two genes (as illustrated by the T-bars in the right-hand 
panels of Fig. 2). Note that this gene network implements a genetic toggle switch, strikingly similar 
to the circuits invoked to explain stem cell behavior as described above. This toggle switch offers a 
basic, testable “how-possibly” model for the staggered arrangement of mutually exclusive gap gene 
expression patterns. This model has been shown to be consistent with the large body of genetic and 
molecular evidence available for this system, linking it to mechanistic explanations based on 
experimental evidence (Jaeger et al. 2004a,b, Jaeger 2011). 
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Fig. 2 Source: Jaeger et al. 2012. See text for clarification. 

 
The phase portrait of the gt-Kr toggle switch is shown in the lower left panel of Fig. 2. The axes of 
this diagram represent the concentration of Gt and Kr protein. The bistable (either-or) behavior of 
the system is explained by the geometrical structure of this phase portrait, which is divided into 
two basins of attraction. The flow of the system is shown by black arrows. Given specific initial 
conditions, the system will either converge to a state with high Kr, and low Gt (red dot on the upper 
left of the phase portrait), or to an alternative state with low Kr, and high Gt (red dot on the lower 
right). This is why the two factors can never co-occur. 

The structure of state space not only explains the bistable switch-like behavior of the 
system, but also provides insights into why this developmental system is robust to changes in initial 
conditions. As long as we start with a little more Kr than Gt, the system will always converge to the 
high Kr, low Gt attractor (and vice versa), no matter what the precise initial concentrations of both 
factors. In addition, it also explains why discontinuous shifts or ‘threshold effects’ can occur: there 
is no smooth, or continuous transition between the two attracting states. As soon as the initial 
conditions cross the separatrix — the boundary between the two basins of attraction — it will 
switch from one alternative state to the other. 

The full gap gene network is much more complex than this simple example and its high-
dimensional phase portrait cannot easily be visualized. Yet, it is still amenable to state space 
analysis. Such an analysis was carried out by Reinitz and colleagues (Manu et al. 2009a, 2009b). 
These studies explained several features of gene expression and pattern formation in terms of 
specific features of state space. They revealed, for instance, that stably positioned spatial 
boundaries of gap gene expression in the anterior of the embryo can be explained by shifts in 
attractor position within state space, or nuclei switching from one basin of attraction to another, 
depending on initial maternal morphogen concentration. In contrast, boundaries in the posterior of 
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the embryo, which shift towards the anterior over time, are governed by transient behavior far 
from the system’s attractors. Finally, both steady-state and transient features of gene expression 
were shown to be robust due to the local geometry of the state space of the system. This example 
illustrates how state space analysis can be applied to specific, experimentally tractable 
developmental GRNs, and how it can yield systems-level insights into the dynamics of gene 
expression, which cannot be obtained by traditional experimental approaches alone. 

So far, we have only discussed the developmental dynamics of the gap gene network. During 
evolution, not only initial conditions, but also systems parameters change through mutational or 
other heritable trans-generational processes. Roughly speaking, we can say that developmental 
dynamics occur in state space, while evolutionary dynamics occur in parameter space.18 Parameter 
changes can affect the state space of a system in a number of characteristic ways (Jaeger et al. 2012; 
Jaeger and Crombach 2012; Jaeger and Monk 2014). They can cause shifts in attractor position, 
which can lead to smooth and continuous changes in the resulting expression pattern. In addition, 
they can lead to shifts in the position of separatrices, the boundaries between attractor basins. Such 
shifts can induce the system to transition abruptly to a different attractor state. Lastly, new 
attractors and their basins can be created, or existing ones annihilated, through the process of 
bifurcation. This can result in completely novel phenotypes. Through modeling of state space, 
general insights can be obtained about the ways in which the dynamical repertoire of a system can 
change during evolution. However, to understand the pattern-forming capabilities of real systems, 
the attractors modeled in the framework need to be integrated with empirical evidence. 

Jaeger and colleagues are currently using this approach to study evolutionary changes in the 
gap gene network across distantly related species of flies and midges (Jaeger and Crombach 2012). 
The gap gene system is highly conserved, and the same factors are involved across species, but 
regulation of some gap genes has diverged during dipteran evolution (Jaeger 2011). This allows for 
a comparative analysis of gap gene systems in different species based on the reverse-engineering 
and in silico evolution approach described above. For this purpose, Jaeger and colleagues have 
produced quantitative data sets for gap gene expression in the different dipteran species, which are 
currently used to fit gene network models (Jaeger and Crombach 2012). This yields specific 
predictions for the structure of the network in each species, which can be verified experimentally 
by systematically interfering with gene activities, i.e., eliminating or overproducing the product of 
any gene in the network. In addition, prediction of specific regulatory network links can be coupled 
to more abstract analysis of evolutionary changes in state and parameter space. This sort of 
analysis reveals which of the possible transitions in state space structure apply to the specific 
changes that have occurred during dipteran evolution. 

The integrative approach gives us insights into the evolutionary potential, and hence into 
the evolvability, of the gap gene system in different lineages. Which changes in gene expression are 
most likely to result from random changes in parameter values? Which interactions can most easily 
change without affecting the patterning function of the system? Such questions can now be 
addressed empirically, through the identification of conserved versus divergent aspects of the gap 
gene network in these different species, and by investigating possible evolutionary transitions 
between them through data-constrained evolutionary simulations. 

This DS perspective on gap gene evolution can yield potentially generalizable insights into 
the evolution of developmental processes. The integrated method illustrates the nature of 

18 In this context parameter space refers to the space of the regulatory network, sometime called ‘genotype 
space’, although parameters are not only determined by DNA sequences but also by environmental 
influences. Just as in the case of state space, parameter spaces can be subdivided into discrete regions. In this 
context, boundaries refer to bifurcation events. 
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developmental constraints, by showing how the wiring of the network influences the effect of 
random changes in system parameters. One important result is that some evolutionary changes in 
gene expression involve sudden, discrete transitions between attractor states (Jaeger et al., 2012; 
Jaeger and Crombach 2012; Jaeger and Monk 2014). Such discrete transitions between patterns 
poses a challenge for neo-Darwinian accounts that view evolution as gradual adaptive change due 
to random variation. Evolutionary changes can be gradual at the micro level (within attractor 
basins) and discontinuous at the macro level (across different basins). The integrated perspective 
also illustrates the tight coupling of developmental and evolutionary processes as these reciprocally 
co-determine the possible trajectories across state and parameter space. The overall process can be 
visualized as a feedback loop (Fig. 3). Again, this demonstrates that development is not only a 
proximate but an integral part of the evolutionary process. 
 

 
Fig. 3 The relationship between development and evolution that co-determine the possible 
evolutionary trajectories. Modified from Jaeger et al. (2012). See also Oster and Alberch (1982, Fig. 
11) and Goodwin (1994, p. 101). 
 
Developmental parameters shape the distribution of phenotypic variability available to selection, 
which in turn changes the developmental dynamics. In other words, selection causes the system to 
move through parameter space, while the altered regulatory parameters determine the properties 
of the state variables in the developmental system. Two differences to the neo-Darwinian 
framework can be highlighted. First, while genes remain important aspects of understanding 
evolution it is not through any sort of privileged genetic agency. Genes instead stabilize heritable 
attractors, but the unit of inheritance is not static DNA sequence but dynamic pattern (cf. Goodwin 
1982; Jaeger et al. 2012). Second, in this view, development plays a productive role that generates 
evolutionary possibilities on which selection can act, rather than simply being a limit to variation. 
Understanding the processes that shape the observed patterns of variation is important because 
these provide “the substrate – a specific distribution of phenotypes – on which selection can act” 
(Jaeger and Crombach 2012, p. 94). Thus, in this perspective, natural selection remains a key 
determinant of evolutionary change but is not the only direction-giving force of evolution.  
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Discussion 
What distinguishes our example of the gap gene system, which combines DS models with 
experiment and includes both evolutionary and developmental dynamics, from the others we have 
considered? One promising idea is that tensions arise between neo-Rationalists and neo-
Darwinians, or experimentalists and DS theoreticians, because their respective explanations are 
taken as alternative answers to the same question. 

For neo-Darwinians, the relevant factors in evolutionary explanations are those that 
influence adaptation of specific traits: genetic details and historical contingencies, which determine 
the course of natural selection in specific evolving populations. Such explanations leave aside the 
possible non-selective structural basis for general patterns across lineages. In contrast, for neo-
Rationalists the relevant factors in evolutionary explanations are general principles of biological 
form that explain higher-level regularities. These principles abstract from molecular genetic details 
that can be revealed by experimental biology. 

 In the stem cell case, DS theoreticians assign explanatory power to generality and abstract 
formalization, while experimentalists base explanation on accurate and detailed descriptions of 
molecular mechanisms. Each construes explanatory power in a way that excludes the other. From 
the DS theorists’ perspective, insights based on molecular mechanistic investigations lack 
explanatory power because they are built on context-dependent parameters and include many 
irrelevant details. For experimentalists, abstract descriptions of dynamic principles lack 
explanatory power because they do not realistically describe concrete causal interactions. A 
synthesis between them must involve a conception of explanation that allows for both general 
principles and specific mechanistic descriptions to bear explanatory weight. 

The opposed explanatory schemes are in many ways so different that it is not obvious why 
one should even seek their integration. Insofar as the two approaches simply aim at different types 
of explanation of different biological problems, they do not conflict (Amundson 2001; Richardson 
2001). However, both are needed to accomplish ESB’s goal of extending the evolutionary synthesis 
to encompass the relation between developmental and evolutionary dynamics, accounting for both 
specific changes in mechanisms and pathways as well as general patterns that constrain 
developmental and evolutionary processes (Jaeger et al. 2012; Jaeger and Crombach 2012; Jaeger 
and Sharpe 2014; Jaeger and Monk 2014). 

The gap gene case illustrates such a synthesis of explanatory strategies. Reverse 
engineering of the state space for a specific regulatory network is used in combination with 
evolutionary simulations to gain insights into both the dynamic repertoire and evolutionary 
potential of a developmental process that has been experimentally characterized at the molecular 
level. Reverse-engineering methodology combined with evolutionary simulations can thus be used 
to bridge between different levels of analysis and different types of explanation. 

How can the case help to clarify the relation between the different explanatory frameworks? 
Can they be of mutual support when integrated? In philosophy of science, the explanatory role of 
general laws and principles is associated with subsumption of specific cases under a more general 
category (Salmon 1989). Accordingly, the explanatory ideal of laws and principles seems to be at 
odds with explanations in biology, where the context-dependency and contingency of living 
systems appears to leave no room for necessary and universal laws (Beatty 1995, Machamer et al. 
2000, Mayr 2005). Acknowledging the complexity and context-dependence of biological systems 
appears to be required to get the causal details right. This in part explains why experimentalists 
have been highly skeptical of the quest for general principles, in particular when this explanatory 
strategy is highlighted as an alternative to their approach. Generality can however have several 
dimensions and be pursued for different reasons. For ESB, it may be useful to focus on the role of 
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general principles in strategies of abstraction, rather than their role in explanations based on 
fundamental principles. 

In the context of process structuralism, the aim of general principles is to identify higher-
level patterns and to clarify why morphological shapes in different lineages are so similar. For 
example, Goodwin and colleagues used computer models to investigate the organizational basis for 
developmental processes in algae (reviewed in Webster and Goodwin 1996; Jaeger and Monk 
2013). They used these models to clarify why developmental processes in many different algal 
species go through a stage where specific morphological patterns (whorls) are observed, i.e. why 
different processes within a certain parameter range converge to a shared state. In the DS 
framework, attractors illustrate this pivotal role in showing how some states are stable to changes 
in parameter space. Such robustness of complex systems suggests that we do not need an exact and 
fully detailed classification of all causal parameters involved in these processes if the aim is to 
account for higher-level dynamics based on specific geometries of state space (Francois 2012; 
Jaeger and Sharpe 2014). Meanwhile, DS modeling may enhance our understanding of specific 
details that do make a difference, e.g., those changes that lead to bifurcations (Jaeger et al. 2012; 
Jaeger and Monk in press). In this way, the general perspective may support the investigation of 
specific mechanisms that can shift the dynamic state of the system. 

This view implies that general principles can only be found and confirmed by modeling a 
large number of biological parameters in an accurate way and in combination with experimental 
analysis (Jaeger and Crombach 2012; Jaeger and Sharpe 2014). Thus, discovery of general 
principles for ESB depends on experimental methods and their results, rather than supplanting 
them. Mechanistic details about gene expression levels and maternal factors are absolutely crucial 
for constructing gene networks and state space portraits that can be useful for gaining an 
understanding about specific types of organisms, as well as for identifying more general patterns 
and principles of development. 

Experimental techniques to fully explore the potential of the DS framework were lacking 
when structuralist approaches were first articulated. But reverse engineering of GRNs today 
supports an approach that alternates between molecular and system levels, aiming at both causal 
understanding of developmental evolution, and a set of general developmental mechanisms 
classified based on their underlying state space geometry (Jaeger and Sharpe 2014). The latter 
might explain the stability of some morphological types; determining this will require further 
integrated experimental and theoretical research. 

ESB modelers using this framework therefore alternate between different levels of analysis, 
from experimental investigations of specific causal mechanisms to abstract state space 
representations (see Jaeger and Sharpe 2014, for further examples). The gap gene example 
indicates synergies across these explanatory levels. For evolutionary studies, the DS framework can 
map the space of dynamic repertoires that pose general constraints on specific trajectories. 
Furthermore, comparison of state space structures for different species can identify common 
patterns of phenotypic transitions as well as species-specific features. 

Although modeling of state spaces is generally considered a highly abstract and theoretical 
approach, features of these models can now be directly compared to experimental data. The 
detailed gene regulatory network, fitted to experimental data and tested through systematic gene 
knock-down, provides insight to the causal relations between specific genes. The reconstructed 
phase portrait can capture system-level dynamic patterns, which can explain how random changes 
in system parameters are canalized by the entire network to produce distinct phenotypes. The 
inferred networks in different species can then be used as empirical start and end points for data-
constrained evolutionary simulations. 

Together, these levels of biological explanation may provide insights to the ‘tinkering 
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potential’ of different lineages that are crucial as background for understanding the space of 
previous and future adaptive changes. This may enable ESB theorists to meet Hugo de Vries’ 
challenge, to not only explain the survival of the fittest but also the arrival of the fittest, i.e. to 
explain how phenotypic variation is generated in the first place, before selection can act on it.19 The 
hope is that a combined use of reverse engineering methodologies and evolutionary simulations 
can reveal sequences of mutational events than shape the transitions between phenotypes, and 
determine the probability of future transitions. 

The abovementioned aim of ESB, to transform the current highly historical discipline of 
evolutionary biology into a more predictive discipline, at first sight seems to run counter to the 
contingency of biological evolution, which calls for specific and context-dependent explanations 
(Krakauer et al. 2011). But since the analysis conducted so far shows that the set of attractors, even 
for complex systems, is limited, some are optimistic that it might be possible to define evolutionary 
principles that provide “a periodic table of elements” for development (Goodwin 1982; Jaeger and 
Sharpe 2014). As the techniques to obtain the data to allow for such analyses are now becoming 
available, ESB might “enable us to establish empirically, for the first time, whether there are 
regularities, or even laws, governing major phenotypic transitions” (Jaeger et al. 2012, p. 608). 
However, as Goodwin (1994, p. 103) notes, “there are good reasons to believe that no such scheme 
of biological forms could ever produce a complete description of all possible organisms because 
there is a radical unpredictability in the dynamics of these non-linear systems, which are always 
open to unexpected novelty.” Similarly, Gould (1989) and others argue persuasively that the 
specific outcomes of the tape of evolution, if rewound and replayed, would yield very different 
outcomes. On the other hand, there are also reasons to believe that the evolutionary roads are not 
randomly curved. While acknowledging the role of contingency and creativity in evolution, 
Goodwin (1994) emphasizes that the intelligible foundations of developmental and evolutionary 
trajectories can be extended far beyond the present boundaries. ESB may be the framework needed 
for extending these boundaries, as part of a more inclusive, extended evolutionary synthesis that 
complements rather that supplants the current theory. 

 
 
Conclusion  
 
We have examined obstacles to the integrative project of ESB, focusing on tensions between 
different views of explanation involving dynamical systems. Although historical and recent cases 
associate DS models with search for general principles and commitment to covering-law 
explanations, recent ESB research demonstrates that DS models can be successfully integrated with 
experimental approaches aiming at detailed mechanistic explanations. Indeed, as commentators on 
the historical debate have noted, the two approaches are complementary (Amundson 2001, 
Richardson 2001). 

Explanatory aims of general evolutionary principles and detailed mechanistic descriptions 
can be combined, if the standards of both approaches are recognized and respected. One concept 
that may facilitate integration of systems and evolutionary biology is the notion of ‘tinkering 
potential’ of an evolving lineage. In this integrative perspective, general DS principles are used to 
identify the space of possible dynamic states and trajectories, while causal mechanistic 
explanations describe the detailed interactions of particular phenomena within that ‘possibility 

19 Hugo de Vries famously said that “natural selection may explain the survival of the fittest, but it cannot 
explain the arrival of the fittest” (De Vries 1904, pp. 825-236). That is, natural selection cannot explain why 
some forms are produced in the first place, but only why some traits are preserved in a population. 
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space’.  

Evolutionary systems biologists must be like Tolstoy in Isaiah Berlin’s famous essay “The 
Hedgehog and the Fox” (1953): part fox, part hedgehog. For the fox knows a little about many 
things — detailed regulatory mechanisms — while he does not believe in a bigger picture, while the 
hedgehog only knows about one thing — an overarching theory — ignoring the countless details 
that undoubtedly matter for an accurate description and understanding of life. Both perspectives 
are essential for understanding evolving systems. 
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