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Abstract: Evolutionary mechanisms enabled humans to profoundly transform Earth systems.  

Because the resulting Anthropocene systems are highly interdependent and dynamically evolving, 

often with accelerating rates of cultural and technological evolution, the ensuing family of societal 

challenges must be framed and addressed in a holistic fashion.  An agile, evolutionary, system-of-

systems, convergence paradigm, which is based on a partially quantifiable, scientifically 

falsifiable, formal theoretical framework, can be used to systematically identify, decompose, 

characterize, and then converge, a nested, evolutionary ensemble of geophysical, biophysical, 

sociocultural and sociotechnical systems.  The paradigm includes individual organisms (spanning 

plants, fungi and animals) engaging in niche construction in a global meta-ecosystem that 

integrates the deep evolutionary history of all Anthropocene systems.  To coherently span the vast 

range of scales, the paradigm is divided into a somatic realm (externally oriented with respect to 

individual organisms) that can be applied at global, regional, urban and local scales, as well as a 

visceral realm (internally oriented with respect to individual organisms) that includes organs, cells, 

organelles, genes and proteins.  The paradigm includes a causally coherent conceptual model based 

on a common language and reconciled ontology, with a hierarchical, extensible and scalable 

computational framework, an associated decision-support system and an educational pedagogy. 

 

Keywords: modular evolution; meta-ecosystem; conceptual model; systems modeling language; 

hetero-functional graph theory; computational framework; decision-support system; educational 

pedagogy 
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1.0 Introduction 

Humans have profoundly transformed Earth systems, creating a broad array of deeply entwined 

and intractable societal challenges.  For example, a recent assessment of the Planetary Boundaries 

framework [1] revealed that Earth is now beyond six of nine planetary boundaries, concluding that 

anthropogenic impacts must be considered in a systemic context.  In addition, a recent assessment 

of progress towards meeting the Sustainable Development Goals [2] found no evidence that the 

limited environmental improvements that have been made (in forest and water ecosystems) are 

linked to positive social impacts.  Furthermore, addressing climate change, emerging infectious 

diseases, the spread of invasive species, food security and declining biodiversity will require a new 

era of continental-scale biology [3] with multiscale, multidisciplinary theory that extends from 

molecules to organisms, and from ecosystems to biomes to the biosphere. 

 

The need to holistically address these interdependent societal challenges of the Anthropocene [4] 

is explicitly recognized in the re-envisioned One Health approach, which aims to sustainably 

balance the health of humans, animals and ecosystems [5, 6].  As shown in Figure 1, the approach 

intends to mobilize multiple sectors, disciplines and communities across a range of scales and 

organizational levels, while simultaneously addressing the need for clean water, energy and air, 

providing access to safe and nutritious food, and tackling climate change, disasters and sustainable 

development [5].  A recent assessment of the approach [7], which was published as part of The 

Lancet Series on One Health and Global Health Security [8], found that current frameworks do 

little to consider anthropogenic factors in disease, concluding that “a complex and interdependent 

set of challenges threaten human, animal and ecosystem health, and that we cannot afford to 

overlook important contextual factors, or the determinants of these shared threats.” 

 

To address these interdependent societal challenges, we need to catalyze societal transformations 

with strategic interventions that can be coordinated across multiple systems and scales, but a recent 

critical review [4] argued that this is not possible with available approaches or frameworks, in 

agreement with four independent assessments [1-3, 7].  The critical review outlined the 

evolutionary mechanisms which enabled humans to transform Earth systems, culminating in the 

current, globally connected, system of Anthropocene systems (noting that the Anthropocene is 

more than a time interval [9]).  Because Anthropocene systems are highly interdependent and 
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dynamically evolving, often with accelerating rates of cultural and technological evolution [10], 

the ensuing societal challenges are also highly interdependent, as is increasingly being recognized 

[1, 3, 7, 11-20], and need to be framed and addressed in an integrated fashion [1, 3-5, 11, 17, 18, 

20-25]. 

 
Figure 1.  Conceptual representation of the One Health approach developed by the One Health 
High-Level Expert Panel [www.who.int/groups/one-health-high-level-expert-panel] and 
supported by the Quadripartite Partners (FAO, UNEP, WHO and WOAH) [8].  To sustainably 
balance the health of humans, animals and ecosystems the One Health approach intends to 
integrate multiple sectors and disciplines across local, urban, regional and global scales, 
simultaneously balancing the need for a healthy environment, renewable energy, and safe and 
nutritious food, while tackling climate change and sustainable development [5].  To successfully 
address these societal challenges in an integrated and holistic fashion requires extensive 
communication, coordination, capacity building and collaboration [8]. 
 

An evolutionary perspective can also be used to gain valuable insights into earlier societal 

transformations, beginning with four proposed transitions in the coevolution of early humans (see 

Table 4 in [4]), and continuing with agriculture, urbanization, industrialization and 

computerization.  Understanding these earlier societal transformations, which enabled the 

coevolution of the Anthropocene and the emergence of the ensuing societal challenges, should 

prove valuable as we attempt to coordinate new systemic interventions. 

 

https://www.who.int/groups/one-health-high-level-expert-panel
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In addition to these complex and almost overwhelming challenges, the partition of knowledge into 

many disciplines and subdisciplines is simultaneously one of the greatest scientific and societal 

challenges of our time [4, 26], severely impeding progress because we cannot “see the forest for 

the trees.”  The deep integration of knowledge, methods and expertise across multiple disciplines 

requires convergence [27, 28].  Because Anthropocene systems span a vast number of traditional 

disciplinary boundaries, convergence is required to address the resulting societal challenges. 

 

In this review, we build on the previously proposed evolutionary (evo), system-of-systems (SoS) 

convergence paradigm [4], which is based on a partially quantifiable, scientifically falsifiable, 

formal theoretical framework, and can be used to systematically identify, decompose, characterize, 

and then converge, a nested, evolutionary ensemble of geophysical, biophysical, sociocultural and 

sociotechnical systems.  The previous critical review outlined the evolutionary mechanisms which 

enabled humans to transform Earth systems into Anthropocene systems [4], but in this new review, 

we broaden the scope to include the coevolution of ecosystems, animals and humans, as required 

for the One Health approach [5], and because an equivalent One Earth approach is needed [3, 15] 

with an evolutionary framework that integrates geophysical, biophysical, sociocultural and 

sociotechnical systems at the planetary scale [29]. 

 

As we will argue, an evolutionary perspective is essential because we need to understand the 

causally coherent, cross-scale, evolutionary mechanisms which enabled the family of societal 

challenges to emerge.  A system-of-systems perspective is equally essential because we need to 

manage the unprecedented range of scale and complexity as effectively as possible.  The extended 

evoSoS convergence paradigm will enable the entire family of societal challenges of the 

Anthropocene to be framed and addressed in an integrated fashion with causally coherent strategic 

interventions across multiple systems and scales.  However, the development and implementation 

of the paradigm will require a major transformation in our approach to science and engineering 

with four primary elements: 

1. Causally coherent, cross-scale, modular, dynamic conceptual model of a system of 

Anthropocene systems that is based on a common language and that reconciles disciplinary 

ontologies. 
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2. Common computational framework that builds directly on the conceptual model and is 

hierarchical, extensible and scalable. 

3. Coherent decision-support system that is used to interact with the conceptual model and 

computational framework enabling effective integration of a wide range of stakeholder 

perspectives spanning multiple scales and organizational levels. 

4. Comprehensive educational pedagogy that is used to train a new generation of 

Anthropocene systems integrators to develop and implement the new paradigm. 

 

To justify the need for these four primary elements (conceptual model, computational framework, 

decision-support system and educational pedagogy) of the evoSoS convergence paradigm, our 

review takes an evolutionary perspective in Section 2, a system-of-systems perspective in Section 

3, and identifies limitations of current frameworks and approaches in Section 4.  In Section 5, we 

outline the requirements for the four primary elements, which are all crucially important to 

facilitate the communication, coordination, capacity building and collaboration which are essential 

for success [5] (see Figure 1).  We conclude our review in Section 6 with a summary of research 

needs for the development and implementation of the paradigm.  Given the vast scope, this 

includes the need for an agile approach [25, 30], taking place in iterations, each of which produces 

new insight and each of which can be refined in light of that insight, enabling a low implementation 

risk to the first investment and a viable roadmap towards an ambitious end goal that cannot 

otherwise be achieved. 

 

2.0 An Evolutionary Perspective 

Dynamic evolutionary mechanisms enabled billions of humans to profoundly transform Earth 

systems [31], creating a globally connected [1, 21], meta-ecosystem [32, 33], which can be 

represented as a system of Anthropocene systems [4]. 

 

2.1 Evolution Broadly Conceptualized 

The origin story of life on Earth [34, 35] is a consequence of geological, genetic, cultural and 

technological evolution [4], recognizing that evolution more broadly conceptualized is not limited 

to biology [36] and requires only variation and selective retention [37].  The Earth can be 

understood as an evolving planetary system [38] with chemical elements that evolved in stars [39] 
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enabling the evolution of minerals [40] on Earth, which in turn influence our globally connected 

meta-ecosystem and the coevolving ecological niche of life on Earth [41, 42].  Similarly, human 

organizations [43] technology [44] and knowledge [45] evolve, including our knowledge [31] of 

the form, function and resulting behavior of Anthropocene systems.  Indeed, our understanding of 

evolutionary mechanisms is also evolving [42, 46-50]. 

 

Starting with this broad evolutionary perspective, a nested evolutionary ensemble of Anthropocene 

systems can be identified [4] as follows (see Figure 2): (1) Geophysical systems, which include, 

for example, geological, ocean, atmospheric, climate, and hydrological systems; (2) Biophysical 

systems, which integrate biological and geophysical systems and include, for example, ecological 

and soil systems; (3) Sociocultural systems, which are a specialized form of biophysical system 

that emphasizes social knowledge and culture and include, for example, cognitive, communication, 

education, economic, legal and governance systems; and (4) Sociotechnical systems, which are a 

specialized form of sociocultural system that emphasizes technical knowledge and technology and 

include, for example, land-use, energy, agricultural, mining, transportation, industrial and other 

infrastructure systems. 

 

Although cultural and technological evolution are inextricably entwined, it is nevertheless useful 

to distinguish between sociocultural and sociotechnical systems because technology and socially 

mediated technical knowledge greatly enhance human influence and accelerate the coevolutionary 

mechanisms in the ensemble of Anthropocene systems.  Earlier geophysical and biophysical 

systems were of course always connected through global climate and plate tectonics, but the more 

recent sociocultural and sociotechnical systems have vastly accelerated the temporal rates of 

interaction among the systems, and vastly increased the spatial extent of interactions across the 

systems, creating a much more dynamic, globally connected system of Anthropocene systems [4]. 

 

An integrated evolutionary framework will allow researchers to derive specific predictions from 

more general premises, an especially urgent need for behavioral science [51, 52].  For example, a 

more dynamic understanding of human behavior coevolving with both biophysical and 

sociocultural contexts [53] enables a better understanding of the dynamics of the Anthropocene.  
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Without a theoretical framework, results are neither expected nor unexpected based on how they 

fit into theory and cannot be related to research in other knowledge domains [51]. 

                 

 
Figure 2.  An initial list of 20 primary Anthropocene systems is shown on the right.  The image on 
the left shows the “real world” on the bottom, with 10 interdependent Anthropocene systems 
layered above.  Although the individual systems are shown separately for illustrative purposes, 
they are almost inextricably entwined.  Each of the 10 individual systems has many elements.  The 
elements within a system interact, creating the internal dynamics for that system.  The systems 
interact with other systems via the elements. 
 

Understanding coevolution more broadly, as opposed to simpler scenarios in which organisms 

adapt independently to a particular environment, reveals a spectrum of interactions (e.g., 

mutualistic, commensal, competitive and antagonistic) that provide context and nuance to 

ecological strategies [54].  In addition, organisms may actively modify their own and each other’s 

ecological niche, with evolution by niche construction becoming possible when these 
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modifications influence evolutionary selection [55].  Geophysical systems play an important role 

in niche construction, when organisms alter their prevailing environment, and need to be included 

to more completely represent the coevolutionary niche.  Anthropogenic change provides a 

compelling example of humans both intentionally and unintentionally influencing the ecological 

niche [41] of life on Earth. 

 

The evoSoS paradigm aims to coherently integrate geophysical sciences, biological sciences, 

health sciences, social sciences, engineering, and the humanities, providing a partially quantifiable, 

causally coherent, scientifically falsifiable, formal theoretical framework.  Crucially, this 

framework can represent human behavior in sociocultural systems [51].  Unfortunately, the 

interdependent relationship between human behavior and context has largely been ignored [56], 

although progress has been made by environmental and ecological psychology [57], and more 

recently by historical psychology [58].  Building on these and similar initiatives [59], the evoSoS 

paradigm enables the integration of behavioral science – including the physical, social, and 

historical contexts that shape perception, deliberation and inferential reasoning – with the 

geophysical, biophysical, sociocultural and sociotechnical context in which the behavior occurs. 

 

Human behavior [58] is shaped by billions of years of genetic evolution, millions of years of 

cultural evolution, and a short lifetime of accumulated knowledge and experience, offering levers 

for behavioral change [60].  Several major evolutionary mechanisms (e.g., kinship, reciprocity, 

status, leadership, signaling, punishment, norms and institutions) [37, 61-63] can be used to 

explain human cooperation and competition in sociocultural systems.  There are other mechanism 

and elements of sociocultural systems that can be considered (e.g., see Table 4 and the Appendix 

in [4]), but as an illustrative starting point, a generic model of a sociocultural system might be 

represented [4] as follows.  Individuals in sociocultural systems process information using their 

own cognitive systems, cooperate and compete with other individuals using communication 

systems, acquire and lose status and leadership positions, acquire and forget knowledge, norms, 

and institutions, and form alliances with other individuals.  Similarly, groups of individuals 

cooperate and compete with other groups using communication systems, acquire and lose status, 

acquire and forget knowledge, norms and institutions, and form alliances with other groups.  

Governance, legal, economic and educational systems guide and constrain the coevolving 
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dynamics.  The resulting social dynamics involve individuals, groups, and groups of groups, with 

overlapping versions of these modular, scalable, agent-based structures (e.g., see [64]) propagating 

through all sociocultural systems.  

 

An evolutionary perspective founded on an understanding of how Anthropocene systems 

coevolved and became increasingly interconnected, is crucially important when relating 

Anthropocene systems to human cognition, communication, and the resulting human behavior 

[58], because it was the evolution of the human brain [65, 66], combined with the evolution of 

culture and technology, that drove the evolution of the Anthropocene.  The way we think, the way 

we communicate, and the way we make decisions and transform decisions into behavior, all 

influence, and are influenced by, the coevolving geophysical, biophysical, sociocultural and 

sociotechnical systems in which our lives are entwined [4]. 

 

Once it is understood that humans evolved from unicellular organisms through cooperation, co-

dependence, collaboration and competition, and that this is also the case for plants, fungi and 

animals, the interrelatedness of all species on Earth can be embraced [49, 67], with their evolved 

modularity providing great potential for improving our understanding of the interconnected nature 

of Anthropocene systems [4].  Indeed, the coevolutionary ecological strategies already mentioned 

(mutualistic, commensal, competitive and antagonistic) [54] are essentially the same as the 

coevolutionary human strategies (cooperation, co-dependence, collaboration and competition).  

Furthermore, these ecological and human strategies are essentially equivalent to archetypal cellular 

strategies, providing persuasive evidence for the cell as the mechanistic basis for the evolution of 

life [42, 67, 68]. 

 

2.2 The Realms of Life on Earth 

Human initiatives to address societal challenges of the Anthropocene will require coordinated 

strategic interventions [69] across multiple systems and scales [70], but a more holistic framing is 

required.  The best way to understand a system of coevolved Anthropocene systems is to 

characterize the evolutionary mechanisms that caused their form, function and resulting behavior 

to evolve.  Although developed while focusing on human consciousness, LeDoux’s four realms of 

existence [71] provide a coherent evolutionary context for our approach to these challenges and 
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can be summarized as follows.  The biological realm spans all biology including plants, fungi and 

animals, as shown in Figure 3.  The neurobiological realm is facilitated by nervous systems, which 

evolved in all animals, enabling control of their bodies with speed and precision that is not possible 

in other forms of life.  Some animals with nervous systems have a cognitive realm, enabling the 

use of mental models to control a wide range of behaviors.  Finally, the conscious realm enables 

inner experiences of, and thoughts about, the world.  These realms [71] are hierarchical, nested 

and highly interdependent (see Figures 3 and 4), and can be extended to include a geophysical 

realm, with coevolved geophysical systems providing the foundation for the emergence and 

subsequent coevolution of life on Earth [4]. 

 

Building on Romer’s conceptualization of the human nervous system [72], LeDoux proposed [71] 

that interactions of the body with the external world (also referred to as exteroception [73]) are 

handled by a somatic nervous system, while internal bodily functions (also referred to as 

interoception [73]) are serviced by a visceral nervous system.  This elevates the somatic and 

visceral nervous systems to a primary level and makes the central and peripheral locations of their 

neural tissues secondary.  From an evolutionary perspective, this makes more sense because the 

central and peripheral nervous systems were not the targets of natural selection.  Instead, the targets 

were the modular components that performed visceral and somatic functions for the organism [71].  

Indeed, the somatic and visceral realms did not start with animals, but exist in all organisms 

(including plants, fungi and animals), having begun with our unicellular prokaryotic ancestors, and 

having evolved through unicellular and multicellular eukaryotes [71], as shown in Figure 3.  This 

means that the visceral and somatic functions of the primordial biological realm were carried 

forward into the current biological realm, and have also been carried forward into the current 

neurobiological, cognitive and conscious realms as animals evolved and diversified [71]. 

 



12 

 
Figure 3.  The evolutionary tree of life, modified from [74], with time shown in units of billions 
of years ago (Gya).  The four images on the bottom right provide a simplified representation, 
modified from [71], of the modular nested evolutionary hierarchy for individual organisms with a 
unicellular prokaryote, a unicellular eukaryote, a simple multicellular eukaryote and a complex 
multicellular eukaryote. 
 

LeDoux allocates various behavioral control processes [71] as shown in Figure 4.  The 

neurobiological realm includes non-cognitive and non-conscious behavioral control (reflexes, 

instincts, Pavlovian-conditioned responses and habits).  The cognitive realm includes cognitive 

but not conscious behavioral control (non-conscious working memory, non-conscious 

deliberation, non-conscious inferential reasoning, and non-conscious intuition).  The conscious 

realm includes cognitive and conscious behavioral control (conscious working memory, conscious 
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deliberation, and conscious inferential reasoning).  Collectively, this amounts to extending the two 

systems associated with thinking fast and slow [75] to three systems [71].  Most importantly, 

however, the realms encapsulate all life on Earth, including humans.  Although there remains 

considerable debate about current theories of consciousness [76, 77], LeDoux outlined a theory of 

consciousness for humans that is consistent with the proposed realms [71].  Given that the realms 

include all life on Earth, the potential exists to include consciousness beyond the human case [78], 

although the structure of the diagram may need to be revised to recognize cognition in plants and 

fungi [46, 79]. 

 
Figure 4.  The realms of life on Earth, modified from [71].  The somatic realm is externally oriented 
with respect to individual organisms and can be applied at global, regional, urban and local scales, 
while the visceral realm is internally oriented with respect to individual organisms and includes 
(see Figure 3) organs, cells, organelles, genes and proteins for complex multicellular eukaryotes, 
cells, organelles, genes and proteins for simple multicellular eukaryotes, organelles, genes and 
proteins for unicellular eukaryotes, and genes and proteins for unicellular prokaryotes.  In the case 
of animals, interactions between the visceral and somatic realms are orchestrated primarily by the 
common cognitive system. 
 

2.3 Anthropocene Systems Are Modular and Often Hierarchical 

Modularity is a focus of research across multiple disciplines including genetics, developmental 

biology, functional morphology, population biology and evolutionary biology [80] as well as 

biological, neural, social, linguistic and electronic networks [81].  Although modularity is 

generally recognized as a fundamental feature of all organisms, with profound consequences for 
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evolution [80], the concept of modularity clearly depends on the context in which it is used.  Our 

intention is to use evolved modularity to reveal the causally coherent, and often hierarchical 

mechanisms that gave rise to our globally connected system of Anthropocene systems. 

 

2.3.1 Phylogenetic Refinement 

Given the importance of the neurobiological, cognitive and conscious realms of life (see Figure 

4), and the role these play in facilitating how humans both cause and potentially address societal 

challenges of the Anthropocene, an essential aspect of the evolutionary perspective is chronicling 

the morphological and functional modifications to the brain, and the behavioral modifications they 

enabled [65, 74].  Focusing for now on the evolution of the brain in the human lineage, cumulative 

additions to adaptive behavior included steering (or taxis navigation) in early bilaterians, 

reinforcing (or model-free reinforcement learning) in early vertebrates, simulating (or model-based 

reinforcement learning) in early mammals, mentalizing (involving the use of mental models) in 

early primates, and speaking (or rhythmic semantic processing) in humans [65, 74].  This theory 

of phylogenetic refinement [82] can be used to explain the progressive complexification of brains 

and the evolved adaptive behavior as the consequence of evolutionary refinement from more basic 

building blocks.  In other words, prior innovations impose constraints on future innovations, 

meaning that the evolutionary design of biological systems is highly path dependent.  It should be 

possible to gain similar insights into the form, function and resulting behavior of the coevolved 

ensemble of Anthropocene systems, revealing how the realms of life (see Figures 3 and 4) became 

increasingly complex and interconnected [4]. 

 

2.3.2 Biological and Physiological Circuits 

An additional closely-related evolutionary insight helps to merge our understanding of coevolving 

Anthropocene systems with biological circuits in systems biology [83] and physiological circuits 

in systems medicine [84], integrating the deep evolutionary mechanisms that coherently connect 

all life on Earth [42]. 

 

The archetypal cellular capacities of cooperation, co-dependence, collaboration and competition 

[42, 67, 68] began in the primordial biological realm, and have been carried forward by coevolution 

into the current biological, neurobiological, cognitive and conscious realms [71].  Similarly, 
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biological and physiological circuits involve networks that can be separated into modular units 

that perform almost independently [85].  These network motifs [85-87] are modular building 

blocks of the biological circuits of systems biology [83] and the physiological circuits of systems 

medicine [84].  Network motifs, which are also referred to as circuit motifs [84, 88, 89], are basic 

interaction patterns that recur much more often than in random networks.  Network motifs are not 

randomly distributed in real networks but are combined in ways that maintain autonomy and 

generate emergent properties [81].  The same small set of network motifs appears to serve as the 

building blocks of transcription networks from bacteria to mammals, with specific network motifs 

also found in signal transduction networks, neural networks and other biological networks [83, 

84].  Each network motif can serve as an elementary circuit with a defined function including 

filters, pulse generators, response accelerators and temporal pattern generators [83, 84].  Evolution 

appears to have converged on the same motifs, perhaps because they are the simplest and most 

robust circuits that perform these information processing functions [83, 84].  These modular 

building blocks are presumed to have evolved in response to adaptation over evolutionary 

timescales [90] resulting in organisms that are highly evolvable and capable of adapting quickly 

to new goals in coevolving ecological niches. 

 

There are a wide range of biological systems interacting across a range of scales, which are used 

to process information, make decisions, and achieve specific goals of living organisms [91].  These 

modular and often hierarchical systems include chemical networks, neural networks, physiological 

circuits, individual organisms, and groups of individual organisms in communities [91].  Evolution 

resulted in the progressive selection of existing and novel mechanisms across goal oriented spaces, 

enabling adaptive migration toward specific goals in metabolic, physiological, transcriptional, 

morphological and behavioral space [92].  Morphological changes have complex, multi-scale 

feedback mechanisms that influence behavior in a way that is not directly encoded by genes [49, 

92].  Because of this [93], we need to move away from considering causes acting at a single site 

in an organism, instigating changes in a linear pathway, to understanding the behavior of the larger 

interconnected system of systems.  Similarly, we need to move away from studying molecular 

events to studying systemic patterns, which can lead to a shift from medicines that briefly control 

a single target to treatments that put constraints on many parts of the organism, sustained over time 

[93].  Despite the general awareness of redundancy and homeostatic control circuits, we need a 
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better understanding of the corrective, self-organizing processes that reliably reach complex, 

systemic goals [93]. 

 

The similarity of network motifs in transcription networks (nanometer-sized molecules interacting 

on a time scale of hours) and neural networks (micrometer-sized cells interacting on a time scale 

of less than seconds) is revealing [83].  While neurons process information between sensory 

neurons and motor neurons, transcription networks process information between transcription 

factors that receive signals and genes that act on the inner or outer environment of the cell.  This 

similarity in function suggests that evolution converged on similar network motifs in both 

networks to perform important information processing tasks [83].  Indeed, this evolved modularity 

is found at all scales of biological organization, including multi-cellular organisms, organs, 

unicellular organisms, cells, organelles, genes and proteins [83]. 

 

The power of this approach is revealed in Alon’s Periodic Table of Diseases [84].  Using the 

periodic table as a metaphor, cell types can be classified by both abundance and turnover.  This 

enables a range of diseases (degenerative, progressive fibrotic, autoimmune, toxic adenoma, 

immune hypersensitivity and tumor prevalence) to be classified according to organ and cell type 

[84].  The resulting table shows six broad patterns aligned with each of the six classes of disease.  

Most interesting, however, is the fact that each class of disease in the table corresponds to a specific 

circuit motif [84].  In addition, the patterns in the table are also relevant from the point of view of 

age of onset, disease prevalence, and current treatments, as well as suggesting potential future 

treatments [84]. 

 

2.3.3 Visceral and Somatic Realms 

Evolutionary mechanisms gave rise to our system of Anthropocene systems.  The resulting 

globally connected meta-ecosystem has causally coherent mechanisms that span a vast range of 

scales, starting at the global scale and essentially going “all the way down.”  These scales can be 

identified in different ways, but we need to start with global, regional, urban and local scales, as 

shown in Figure 1.  In addition, the requirement to sustainably balance the health of humans, 

animals and ecosystems includes all life on Earth.  As shown in Figure 3, living organisms are 

either unicellular prokaryotes, unicellular eukaryotes, simple multicellular eukaryotes or complex 
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multicellular eukaryotes.  The relevant scales of interest therefore extend down into these living 

organisms, including organs, cells, organelles, genes and proteins for complex multicellular 

eukaryotes, cells, organelles, genes and proteins for simple multicellular eukaryotes, organelles, 

genes and proteins for unicellular eukaryotes, and genes and proteins for unicellular prokaryotes.  

The conceptual distinctions between the science of the brain and the body are increasingly being 

erased, with considerable opportunity for unification into a single conceptual framework [92].  As 

previously emphasized, the integrated processing associated with cognition is focused both 

internally with the visceral realm and externally with the somatic realm (see Figure 4).  This 

provides a useful conceptual boundary to manage the complexity associated with the vast range of 

scales in our system of Anthropocene systems. 

 

Developing causally coherent models with well-established mechanisms is the most reliable way 

[94-96] to improve our understanding of meta-ecosystems that span multiple scales.  The models 

should also be hierarchically coherent, but this is facilitated in many cases by the evolved nature 

of Anthropocene systems (e.g., see [97, 98] and Figure 3).   

 

The examples of primary Anthropocene systems we have chosen to identify (summarized in Figure 

2) will need to be extended and refined as the evoSoS paradigm is developed, but they can in 

principle be applied across local, urban, regional and global scales, with individual organisms 

forming communities and meta-ecosystems.  This range of scales is likely the limit for an 

externally oriented conceptual model and associated computational framework (see Section 3).  

However, the causally coherent cross-scale mechanisms can be extended down into individual 

organisms by connecting with evolutionary systems biology and systems medicine, which are 

already embracing cross-scale systems-oriented frameworks [83, 84, 92, 99-101].  In this way, an 

internally oriented conceptual model and associated computational framework could be created, 

building on current knowledge in evolutionary systems biology, network biology, biomedical 

engineering and systems medicine.  Interactions between the internally oriented (visceral) and 

externally oriented (somatic) realms would be orchestrated primarily through the common 

cognitive system (see Figure 4).  As will be emphasized in Section 3, effective communication 

between the two realms may only be possible if a common language and reconciled ontology is 

used for both. 
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3.0 A System-of-Systems Perspective 

We are using an evolutionary perspective to outline a causally coherent, modular, dynamic 

conceptual model of a globally connected meta-ecosystem.  Integrating the evolutionary 

perspective with a system-of-systems perspective means that we can take advantage of decades of 

fundamental advances in systems engineering, which has traditionally focused on sociotechnical 

systems, including human systems integration [102], to help address societal challenges of the 

Anthropocene [25].  In particular, model-based systems engineering (MBSE) [103, 104], the 

systems modeling language (SysML) [105] and hetero-functional graph theory (HFGT) [106, 107] 

collectively provide a potentially powerful methodology to address these complex challenges.  As 

suggested in Figure 5, the unprecedented scale and complexity of a system of Anthropocene 

systems is only tractable in the computing domain.  MBSE has evolved as a generic approach to 

realize a wide range of modeling systems [103], and is designed to handle systems of substantial 

scale and complexity.  In the following sections, we briefly review conceptual models, modeling 

languages and ontologies from a systems engineering perspective. 

 

3.1 Conceptual Model, Modeling Language and Ontology 

Briefly, a conceptual model [108, 109] of an Anthropocene system of interest (with examples in 

Figure 2) has a purpose, a boundary, and system elements that interact with one another across 

well-defined interfaces, creating system form and function.  The boundary defines the scope of the 

system and can be either physical or conceptual.  The system and the elements have well-defined 

attributes, requirements and constraints.  The attributes include functions, which together with the 

system form create the behavior of the system.  Stakeholders have an interest in the system but are 

outside the boundary of the system of interest.  There may be other enabling systems, which also 

lie outside the boundary of the system of interest, that interact with the system of interest through 

well-defined interfaces at the system boundary.  Systems that are hierarchical are also possible 

where system elements can be aggregated (zooming out) or disaggregated (zooming in).  Finally, 

a system of systems can be created where the system elements of the system of interest are 

themselves systems. 
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Figure 5.  Developing models of Anthropocene systems involves the creation and use of scientific 
knowledge and the subsequent translation of this knowledge among the real world, systems 
thinking, visual, mathematical and computing domains.  Systems thinking is the primary means of 
managing cognitive complexity using individual thought experiments but is subjective and often 
constrained by disciplinary knowledge.  The visual domain is where we begin to converge our 
individual systems thinking conceptualizations into a shared visual representation that reconciles 
our individual mental models.  Mathematics is the premier domain for analysis and logic and 
Anthropocene challenges have scale and heterogeneity that is only tractable in the computing 
domain.  
 

The need for a system-of-systems perspective arises because of problems with complexity (e.g., 

when complexity is not identified and therefore cannot be managed or controlled), communication 

(e.g., when communication fails or is ambiguous) and understanding (e.g., when different points 

of view are not taken into account, and incorrect assumptions are made), with the three problems 

collectively compounding one another [103].  When developing a model of an Anthropocene 

system, one of the main approaches to improve communication (which occurs among the people, 

organizations and stakeholders who develop and use a model, as well as between and within 

systems and system components) is to use a common language [103].  In fact, MBSE uses a 

combined spoken and visual common language (the systems modeling language, or SysML) as 

well as multiple domain- or discipline-specific languages, all of which must be systematically 

managed to ensure effective communication.  SysML can be thought of as a dialect of the unified 

modeling language [103] which was created to manage communication in complex software 
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systems.  As emphasized in Figure 5, the semantic and graphical nature of SysML are both 

essential when attempting to simultaneously improve communication and reconcile the vast array 

of domain- or discipline-specific ontologies in a system of Anthropocene systems. 

 

From a system engineering perspective, an ontology can be thought of as a formal, explicit 

specification of a shared domain conceptualization [110] describing the relationship between 

reality (the knowledge domain), the understanding of reality (the domain conceptualization), and 

the description of reality (using a language).  Ontologies can make the form and function of 

systems and their elements explicit, and can help stakeholders better understand the complexities 

inherent in large scale systems [110].  A conceptual model [109] of a system of systems needs a 

well-defined foundational, universal, general, necessary and sufficient ontology that renders 

concepts and terms precise and unambiguous [110].  Ontologies avoid ambiguity and provide an 

accepted and consistent vocabulary, facilitating semantic interoperability between humans as well 

as between humans and computers [110]. 

 

Now consider the convergence challenge associated with a system of multiple Anthropocene 

systems [106], each with its own domain conceptualization and associated language and ontology.  

First, humans are typically trained in a single domain conceptualization, rather than multiple 

domain conceptualizations.  Indeed, it is doubtful that a single human (let alone many) has 

sufficient knowledge of multiple domains.  In the absence of such an individual, a group of 

individuals – each with their own individual domain conceptualizations – must collaborate and 

reach agreement on the integration of multiple domain conceptualizations.  They immediately find 

that each domain conceptualization comes with its associated language, and a language of 

languages emerges.  Because each of these languages was developed independently to address the 

needs of its associated domain, the language of languages is highly divergent and a common, 

convergent understanding between languages is very difficult to achieve.  To overcome this 

impasse, it is possible that the language of languages develops a translation capability between 

each of the languages for each domain.  While this strategy is relatively straightforward for only 

two languages with a single translator, it does not scale when there are N domains that require 

N(N-1) translators between N languages (e.g., 90 translators are needed for 10 systems).  The only 

alternative is to invest in the development of a language of languages that reconciles the individual 
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languages into a single common language.  HFGT adopts the latter approach where a single 

common language (SysML) serves as a language of languages.  The development of a single 

common language for a system of systems requires instantiated, reference and meta-architectures. 

 

3.2 System Architecture 

System architecture generally consists of three parts: the real world or structural architecture (i.e., 

form), the functional architecture (i.e., function), and the mapping of function onto form in a 

system concept or allocated architecture.  The structural architecture is a description of the 

decomposed elements of the system without any specification of the performance characteristics 

of the system resources that comprise each element.  The functional architecture is a description 

of the system processes in a solution-neutral way, structured in serial, or parallel, and potentially 

in hierarchical arrangements.  The system concept, which is a mapping of the functional 

architecture onto the structural architecture, completes the system architecture. 

 

An instantiated systems architecture is a case-specific architecture, which represents a real-world 

scenario.  At this level, the structural architecture consists of a set of instantiated system resources, 

and the functional architecture consists of a set of instantiated system processes.  The mapping in 

the system concept defines which resources perform what processes.  

 

The reference architecture generalizes instantiated system architectures.  Instead of using 

individual instances as elements of the structural and functional architecture, the reference 

architecture is expressed in terms of domain-specific classes of these instances.  In this way, the 

reference architecture captures the essence of existing instantiated architectures.  It also provides 

a vision of future needs that can provide guidance for developing new instantiated system 

architectures.  Such a reference architecture facilitates a shared understanding across multiple 

disciplines or organizations about the current architecture and its future evolution.  A reference 

architecture is based on concepts proven in practice.  Most often, preceding architectures are mined 

for these proven concepts.  The reference architecture, therefore, generalizes instantiated system 

architectures to define an architecture that is generally applicable in a discipline or knowledge 

domain.  However, the reference architecture does not generalize beyond the domain 

conceptualization. 



22 

 

The meta-architecture further generalizes reference architectures.  Instead of domain specific 

elements, it is expressed in terms of domain-neutral classes.  A reference architecture is composed 

of “primitive elements” that generalize the domain-specific functional and structural elements into 

their domain-neutral equivalents.  While no single engineering system meta-architecture has been 

developed for all purposes, several modeling methodologies have been developed that span several 

discipline-specific domains.  In the design of dynamic systems, bond graphs [111] and linear 

graphs [112] use generalized capacitors, resistors, inductors, gyrators and transformers as primitive 

elements.  In system dynamics, stocks and flows are often used as primitives [113], while in graph 

theory [114, 115] nodes and edges are used as primitive elements.  Each of these domains has their 

respective sets of applications.  However, their sufficiency must ultimately be tested by an 

ontological analysis of soundness, completeness, lucidity, and laconicity (for more detail, see 

[106]).  Hetero-functional graph theory utilizes its own meta-architecture that has been shown to 

generalize linear graphs, bond graphs, system dynamics, and formal graph theory [107, 116, 117].  

Given the importance of ontological clarity, HFGT has taken special care in the translation of this 

meta-architecture from its description in the systems modeling language (SysML) [105] to its 

mathematical and computational representations, as shown in Figure 5. 

 

3.3 Hetero-Functional Graph Theory 

HFGT [106, 107] is a fusion of network science (including formal graph theory and multi-layer 

networks) and MBSE.  Graph theory focuses primarily on an abstract model of a system’s form, 

neglecting an explicit description of a system’s function.  For example, in a formal graph with 

nodes and edges, nodes typically represent locations while edges represent connections between 

nodes.  The nodes and edges in a formal graph are described by nouns.  Because many complex 

systems include multiple elements with several layers of connectivity, formal graphs are frequently 

scaled-up to create multi-layer networks (e.g., [118]).  In either case, operands are transported 

along the edges between the nodes.  In real-world Anthropocene systems, however, operands are 

subject to both transport and transformation processes as they move between nodes.  HFGT 

overcomes the limitations of formal graphs and multi-layer networks (for example, it has been 

shown that HFGT overcomes eight previously identified modeling constraints in multi-layer 
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networks [106, 119]), enabling the inclusion of nouns and verb phrases that are needed to describe 

system form and function.   

 
Figure 6.  The hetero-functional graph theory (HFGT) meta-architecture [106] drawn using the 
systems modeling language (SysML).  The HFGT meta-architecture consists of three types of 
resources (transportation resources, independent buffers and transformation resources) that are 
capable of two types of processes (transport operand, which implicitly includes hold operand, and 
transform operand).  The operands can include matter, energy, information (money can be 
represented separately), and living organisms (individuals of any scale and complexity).  The 
abstract nature of the meta-architecture is highly extensible meaning that new operands, new 
resources and new processes can be added as required.  In addition, HFGT is highly scalable 
meaning that elements of the reference architecture can be instantiated as many times as needed.  
Once the form and function of a specific element is defined in the reference architecture, multiple 
versions (e.g., thousands or millions) of the same elements can be easily included at different 
locations in the spatially resolved instantiated architecture. 
 

Figure 6 represents the meta-architecture for HFGT expressed in SysML.  A reference architecture 

describes all the potential system capabilities, while an instantiated version of this reference 

architecture includes multiple operands, capabilities, buffers, system resources and system 

processes.  As shown in Figure 6, HFGT makes the connection to the common language explicit 

through a set of system resources as subjects, a set of system processes as predicates, and a set of 

operands as their constituent objects.  In this way, system processes can be allocated to system 
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resources to create subject + verb + object sentences called system capabilities.  As a result, SysML 

and HFGT together create a common language and computational framework, providing the means 

to produce an ontologically coherent computational model that is hierarchical, extensible and 

scalable. 

 

HFGT can be used to conduct analyses of system form as well as simulations of system behavior 

[106, 119-126].  HFGT has already demonstrated its relevance to convergent Anthropocene 

systems with results in electric power, water distribution, natural gas, oil, coal, hydrogen, 

transportation, manufacturing and healthcare systems [106, 121-126].  Perhaps more importantly, 

it has been used for combinations of these systems such as the American Multi-Modal Energy 

System [127], which is a system of systems comprised of four separate but interdependent 

infrastructure enterprises: the electric grid, the natural gas enterprise, the oil enterprise, and the 

coal enterprise.  HFGT can model an arbitrary number of systems of arbitrary size and topology 

connected to each other in an arbitrary manner [106].  To an engineer or natural scientist, HFGs 

can reconstitute the conservation laws of matter and energy for systems with explicitly 

heterogeneous resource-subjects, process-verbs and operands.  To social scientists, the semantic 

roots of HFGs provide a straightforward means of traversing the often-formidable gap between 

qualitative knowledge and quantitative models.  Finally, to applied mathematicians, HFGT builds 

upon extensive foundations in graph theory, tensor analysis and network optimization.  In essence, 

HFGT begins with a generic meta-architecture (Figure 6) that is independent of any system and 

then uses this to create a computational model of a specific system which is hierarchical, extensible 

and scalable. 

 

To summarize, SysML can be used to create an ontologically coherent conceptual model using a 

common spoken and visual language.  HFGT builds directly on the conceptual model, providing 

the means to produce an ontologically coherent computational model.  Within the conceptual 

model and associated computational framework, the operands that are subject to transport and 

transformation processes can include matter, energy, information and individual organisms.  As a 

result, we can in principle develop models of an ensemble of geophysical, biophysical, 

sociocultural and sociotechnical systems that include niche construction in meta-ecosystems. 
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4.0 Limitations of Related Frameworks and Approaches 

Substantial progress is being made in modeling coupled systems in several closely related, 

interdisciplinary fields of research.  There are of course many cases where integrated or coupled 

models provide the best approach for the intended purpose, but if the goal is to address the 

interdependent societal challenges in Figure 1, then these interdisciplinary fields exhibit three 

primary limitations: (1) they are not based on the evolutionary mechanisms which gave rise to the 

Anthropocene and the ensuing societal challenges; (2) they include elements of social systems, but 

the elements are not based on a causally-coherent theoretical framework of evolved behavior; and 

(3) they do not start with a framing that is holistic enough for addressing many interconnected 

societal challenges with multiple systems that are highly interdependent and dynamically evolving.  

Because of these limitations, it is not possible to make coordinated interventions across multiple 

systems and scales. 

 

These closely-related interdisciplinary fields that involve model coupling include Earth system 

science [31], integrated assessment and modeling [128], social-ecological systems research [129], 

socio-hydrology [130], land systems science [131], socio-environmental systems (SES) modeling 

[132], multi-sector dynamics [133], disaster resilience [134] and the global polycrisis [17, 18].  

Participatory processes that support social learning and decision making [132] are often included 

in the development of such coupled models.  In addition, several major challenges associated with 

developing integrated SES models have been identified [132] including: bridging ontologies across 

disciplines, multi-dimensional uncertainty assessment and management, scales and scaling issues, 

combining qualitative and quantitative methods and data, furthering the adoption and impacts of 

SES modeling on policy, capturing structural changes, representing human dimensions in SES, 

and leveraging new data types and sources.  It is fundamental that the evoSoS convergence 

paradigm capitalizes on these valuable initiatives, making sure to provide an approach that is 

appropriately holistic in representing systems of Anthropocene systems. 

 

Societal challenges of the Anthropocene are usually addressed as if they are disconnected [4, 24, 

25] in what may be characterized as “bottom-up, incremental” research [4].  As a result, many 

closely related research initiatives (perhaps tens of thousands) are currently in progress worldwide.  

Many new frameworks and approaches for the various societal challenges are being produced, 
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most involving many of the same systems (e.g., watershed, climate, land-use, energy, 

transportation, communication, economic, and most other sociocultural systems are common 

across all challenges), and most will require extensive interventions within many of the same 

systems.  The initiatives all have their own preferred languages and ontologies, with a rapidly 

increasing number of initiatives including elements of social systems. 

 

Now imagine a city [135] within a surrounding region that has multiple interdependent societal 

challenges and multiple systems that are nested, highly interdependent, and dynamically evolving, 

with accelerating rates of cultural and technological evolution.  If different groups are addressing 

different societal challenges in the same urban area using different frameworks and ontologies, we 

have to ask ourselves: Will the coevolution of the Anthropocene systems of interest be represented 

in a causally coherent fashion?  How will the many different ontologies be reconciled?  In 

particular, how will the many different approaches to human behavior (e.g., see [136]) be 

converged, and do they have a scientifically falsifiable theoretical basis?  How will the complexity 

and uncertainty be systematically managed and who will coordinate and integrate the required 

interventions?  So far, we are only imagining one city in one region, but there are thousands of 

urban areas (perhaps 10,000 cities worldwide, with about 40 megacities where the population is 

greater than 10 million) where similar questions apply.  Again, we have to ask ourselves: How will 

these globally distributed initiatives be coordinated?  How will newly-acquired knowledge be 

shared, and can this new knowledge be rapidly included in the many frameworks that are being 

developed? 

 

While the interdisciplinary fields of research mentioned previously (i.e., [17, 18, 31, 128-134]) 

should all be recognized and applauded for the valuable progress they have made while attempting 

to address problems involving coupled systems, they do not start with a framing that is holistic 

enough for addressing several interconnected societal challenges with causally-coherent strategic 

interventions across multiple systems and scales. 

 

5.0 An Evolutionary, System-of-Systems, Convergence Paradigm 

The evoSoS convergence paradigm requires that evolutionary scientists, behavioral scientists, 

natural scientists, health scientists, systems scientists and engineers systematically identify, 
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decompose, characterize, and then converge the nested, evolutionary ensemble of geophysical, 

biophysical, sociocultural and sociotechnical systems.  Here we briefly describe the four primary 

elements (conceptual model, computational framework, decision-support system and educational 

pedagogy) which are required to holistically address societal challenges of the Anthropocene. 

 

5.1 Evolutionary SoS Conceptual Model 

We have outlined a conceptual model of a system of Anthropocene systems with individual 

organisms engaging in niche construction in a globally connected meta-ecosystem.  Living 

organisms that can be represented in the conceptual model include unicellular prokaryotes, 

unicellular eukaryotes, simple multicellular eukaryotes and complex multicellular eukaryotes, 

essentially spanning all life on Earth including plants, fungi and animals (Figure 3).  The 

conceptual model is based on the geophysical, biological, neurobiological, cognitive and conscious 

realms of life, integrating the deep evolutionary mechanisms of all Anthropocene systems.  The 

causally coherent, cross-scale mechanisms of the conceptual model can be applied at global, 

regional, urban and local scales in the somatic realm, but can also be extended down into individual 

organisms in the visceral realm (Figure 4).  Although SysML, which was designed for 

sociotechnical systems, including human systems integration [102], is proposed as the common 

visual and spoken language for the conceptual model, it may need to be retooled for some 

Anthropocene systems [25].  For example, integrating SysML with existing standards such as 

SBML (the systems biology markup language) [137] may be of value. 

 

5.2 Evolutionary SoS Computational Framework 

The evoSoS computational framework must be designed to coherently converge the nested 

evolutionary ensemble of geophysical, biophysical, sociocultural and sociotechnical systems in a 

multi-scale modelling architecture that explicitly represents the different levels of abstraction 

underlying the form and function of the system of Anthropocene systems.  The architecture must 

enable the development and use of a causally coherent ontology, coherent conceptual models, and 

interoperable computational tools, and must enable application to address specific societal 

challenges based on the location and scales of interest. 
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MBSE [25], SysML [105] and HFGT [106] provide a potentially powerful way to address these 

issues.  As shown in Figure 5, the methodology first translates real-world Anthropocene systems 

into SysML to integrate and reconcile ontologies [105] and then uses HFGT [106, 107] to 

algorithmically traverse the gap from the graphical SysML model to the associated mathematical 

model, and ultimately to the computational model.  An important advantage of the common 

language and ontology is that it enhances clarity and understanding, thereby reducing complexity. 

 
Figure 7.  Simplified schematic representation of an evolutionary, system-of-systems, convergence 
paradigm for framing and addressing the many societal challenges of the Anthropocene.  The 
ontologically coherent, hierarchical, extensible and scalable computational framework can include 
mechanistic “white box” models, theory-guided, machine-learning “grey box” models, and 
machine-learning “black box” models, and can be used to coordinate strategic interventions across 
multiple systems and scales. 
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Although we need a causally coherent, cross-scale, meta-ecosystem model, it would be impossible 

to develop a single monolithic computational framework that applies over all spatial and temporal 

scales.  However, given that we primarily need to make interventions or policy decisions at local, 

urban, regional or global scales, we believe that it would be possible to develop a coherently 

structured system of models that interact and inform one another across scales.  A hierarchical 

structure with different levels of abstraction is therefore required [22], as shown schematically in 

Figure 7. 

 

Developing causally coherent models with well-established mechanisms is the most reliable way 

of improving the transferability of cross-scale ecological models [94-96].  The models should also 

be hierarchically coherent, but this is facilitated in some cases by the evolved nature of 

Anthropocene systems (e.g., see Figure 3).  In addition, HFGT is helpful as it can be used to 

coherently span spatial and temporal scales.  Models that are based on mass and energy balances 

(which is often the case for geophysical systems, and the technical subsystems of sociotechnical 

systems) are well-suited for spanning spatial scales with HFGT. 

 

5.3 Evolutionary SoS Decision-Support System 

Developers of decision-support systems face stakeholder-oriented, model-oriented and system-

oriented issues, with a recent review [138] providing recommendations on how to build them.  

Approaches include stakeholder engagement and participatory modeling, constructing future 

scenarios while balancing synergies and trade-offs across multiple systems, and supporting 

decision-making under uncertainty [132, 139, 140].  An evoSoS decision-support system must 

provide salient insights about interventions and scenarios in a manner that aligns with stakeholder 

affect and cognition [141].  The computational results must be visualized to support graphical 

storytelling so that real-world insights are gained easily, and decisions are made effectively. 

 

Recent work on strategic environmental crisis management offers guidelines for the design of 

decision-support systems capable of integrating knowledge on issues of high complexity and 

uncertainty.  The challenge is to address long-term path dependencies while navigating urgent 

anthropogenic crises [141] and decision-support systems should provide a platform for egalitarian 
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deliberations among experts and policymakers.  The agenda for the deliberations should be 

structured around alternative futures that provoke the imagination and facilitate critical questioning 

of cognitive biases.  Tools to enhance imagination and questioning include audio-visual 

dashboards that take the decision-makers to an imagined future, illustrate the implications of the 

decisions considered [142], and facilitate analysis of how strategic interventions can fail under 

plausible disruption scenarios. 

 

Societal challenges involving Anthropocene systems are characterized by deep uncertainty, with 

many approaches to decision-making that enable quantitative analyses and support deliberation 

among multiple parties [143].  These methods can be used to generally identify robust or low regret 

management strategies that perform well across a wide range of uncertain conditions.  While 

decision-making under deep uncertainty holds paramount significance in the management of 

human-natural systems [139], the reality of Anthropocene systems, characterized by substantial 

interdependencies and dynamic evolution, underscores the profound challenges we face in our 

endeavors to navigate this uncertainty effectively. 

 

From a holistic perspective, the goal should be to optimally manage both complexity and 

uncertainty.  For example, coarse scale models inherently average fine scale complexity [22] and 

may have reduced uncertainty.  It may also be that some systems (e.g., geophysical and 

sociotechnical systems) have rates of change that are slow, where the models are more predictable 

and more amenable to uncertainty analysis.  Overall, the best approach will likely involve a 

coherently structured system of models that interact across scales. 

 

5.4 Evolutionary SoS Educational Pedagogy 

Given the vast scope of the family of societal challenges, we need an evoSoS pedagogy to train a 

new generation [22] of Anthropocene System Integrators (including students, academics, 

practitioners and stakeholders) to conceptualize Anthropocene challenges holistically, think 

coherently in terms of common ontological constructs, develop conceptual models and simulate 

the associated computational models, facilitate decision-support conversations filled with 

coherent, data-driven, real-world insights, and use these insights to once again conceptualize 

societal challenges.  We envision at least seven components to the evoSoS pedagogy: (1) 
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introduction to convergent Anthropocene systems including an overview of our “origin story” 

which reveals the nested evolutionary ensemble of geophysical, biophysical, sociocultural and 

sociotechnical systems [4]; (2) clear understanding of the causally coherent, cross-scale, 

conceptual model of a system of Anthropocene systems; (3) convergent Anthropocene-systems 

thinking as a translation from real-world systems to SysML; (4) HFGT as a translation from 

SysML to mathematical and computational models; (5) data analytics, visualization and machine 

learning; (6) stakeholder-based decision-support systems; and (7) principles of convergence [28], 

team science [144] and good modeling practice [145]. 

 

Facilitating the seamless integration of knowledge across multiple Anthropocene systems 

encompassing spatial, temporal and organizational scales [23], while simultaneously transforming 

disparate forms of knowledge into the evoSoS framework, necessitates that scientists and 

engineers across multiple disciplines collectively surmount numerous cognitive hurdles.  

Participants need to be aware of and question their assumptions and biases, understand how 

knowledge is produced in their respective disciplines, become aware of the limitations and 

strengths of individual disciplines, and overcome semantic, ontological, cultural and 

organizational barriers [28].  Good modeling practice that spans multiple disciplines is clearly vital 

for success [145].  For example, potential issues, traps and pitfalls in the process of decision-

making on scale have recently been identified [146] with proposed guidelines in four categories: 

identifying suitable scales, identifying appropriate dimensions for scale-matching, validating scale 

decisions, and communicating scale decisions. 

 

6.0 Summary and Research Needs 

Humans have been addressing societal challenges since our species evolved roughly 200,000 years 

ago.  An important difference now is that we are using scientific research to help us address societal 

challenges that are far more complex than previously attempted or currently recognized.  While 

this is an exciting opportunity for research, the fragmented nature of the prevailing academic and 

scientific culture [15] is arguably the biggest barrier that prevents us from using our rapidly 

accumulating collective knowledge more effectively. 
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Holistically addressing societal challenges of the Anthropocene requires communication, 

coordination, capacity building and collaboration [5].  However, these crucial requirements will 

be essentially impossible to achieve without a common language and reconciled ontology, a 

common conceptual model, and a common computational framework.  The proposed evoSoS 

convergence paradigm attempts to address these requirements.  Although we again acknowledge 

the daunting and ambitious nature of the paradigm [4], effectively addressing the family of societal 

challenges can only begin with a broad overview of the entire knowledge domain including all 

Anthropocene systems. 

 

The evoSoS convergence paradigm intends to address the entire range of societal challenges in an 

integrated and unified fashion, requiring coordinated interventions across multiple systems and 

scales.  However, as we change scale from global to regional to urban to local, it should be clear 

that potential interventions are scale dependent, with different intervention opportunities and 

societal transformation pathways becoming accessible as we zoom in or out.  We therefore need a 

causally coherent meta-ecosystem model that applies over the range of scales of interest.  The 

model should also be hierarchically coherent, which is inherently facilitated by the evolved form 

and function of many Anthropocene systems.  Unfortunately, we are not aware of any conceptual 

models where coevolved systems are identified and decomposed from the larger system of 

Anthropocene systems and then coherently characterized in a way that will enable their 

convergence, clarifying the primary cross-scale causal connections among the various systems.   

 

A major coordinated initiative is needed to develop cross-scale models of sociocultural systems, 

and their causally coherent connections with other Anthropocene systems.  While all causal 

influences are clearly not equally important, human behavior influences, and is influenced by, the 

globally connected system of Anthropocene systems.  An outline of a more generic model of a 

sociocultural system is given in Section 2.1, with social dynamics that involve individuals, groups, 

and groups of groups, providing a way to scale these interacting systems coherently.  Indeed, there 

is growing recognition that a complex systems approach is needed to represent the multiscale, 

multidimensional, dynamic and interacting nature of sociocultural systems (e.g., see [147, 148]).  

To be successful, however, we must overcome the fragmented nature of research on human 

behavior (e.g., see [136]) enabling a more coherent integration of sociocultural systems and their 
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causally coherent connections with other Anthropocene systems (e.g., Figure 2).  Furthermore, the 

need to sustainably balance the health of humans, animals and ecosystems means that we must 

overcome the fragmented nature of research on human, animal and ecosystem behavior enabling 

a more coherent integration across the realms of life (e.g., Figure 4). 

 

The required communication, coordination, capacity building and collaboration will be facilitated 

by the conceptual model, which is modular and causally coherent, as well as the computational 

framework, which is hierarchical, extensible and scalable.  However, we need new research 

programs that facilitate this much broader research agenda.  For example, national and global 

funding agencies could solicit research on best approaches to identify, decompose, characterize 

and then converge the system of Anthropocene systems.  This could enable the emergence of a 

global community of practice (e.g., [149]) to develop community models (e.g., [149] and [150, 

151]) for specific Anthropocene systems that can be integrated in a wide range of geophysical, 

biophysical, sociocultural and sociotechnical contexts.  SysML can be used to create reference 

architectures for Anthropocene systems that are shared on open-science platforms (e.g., the Open 

Modeling Foundation [152, 153]), and ultimately linked to a cloud-based computational 

environment (e.g., the HFGT Toolbox [120]).  Effective capacity building will also require an agile 

approach [25, 154], meaning that development and implementation of the evoSoS paradigm should 

take place in carefully planned iterations.  We too often invest in incremental approaches because 

they offer short term insight, without asking whether they lead to analytical dead ends. 

 

The 50-year old saying [48] that “nothing in biology makes sense except in the light of evolution” 

has recently been extended to both cultural evolution [155] and cognition-based evolution [49, 50, 

77].  Indeed, it appears that nothing in the Anthropocene makes sense except in the light of 

geological, genetic, cultural and technological evolution.  The evoSoS convergence paradigm will 

require a major transformation in our national and global approach to science and engineering, 

establishing a new generation of Anthropocene systems integrators, and enabling the creation of a 

meta-discipline that spans all the disciplines associated with the family of societal challenges of 

the Anthropocene. 

 

 



34 

Acknowledgment 

This research is based on work supported by the Growing Convergence Research Program of the 

National Science Foundation under Grant Numbers OIA 2317874 and OIA 2317877.  Figures 3 

and 4 were created in Biorender.com.  Figure 6 was created with CATIA Magic Systems of 

Systems Architect. 

 

Data Statement 

There are no new data sets associated with this manuscript. 

 

Declaration of Interests 

The authors declare no competing interests. 

 

References 

1. Richardson, K., W. Steffen, W. Lucht, J. Bendtsen, S.E. Cornell, J.F. Donges, M. Drüke, I. Fetzer, G. 
Bala, W. von Bloh, G. Feulner, S. Fiedler, D. Gerten, T. Gleeson, M. Hofmann, W. Huiskamp, M. 
Kummu, C. Mohan, D. Nogués-Bravo, S. Petri, M. Porkka, S. Rahmstorf, S. Schaphoff, K. Thonicke, 
A. Tobian, V. Virkki, L. Wang-Erlandsson, L. Weber, and J. Rockström, Earth beyond six of nine 
planetary boundaries. Science Advances, 2023. 9(37): p. eadh2458. 

2. Fairbrass, A.J., A. O’Sullivan, J. Campbell, and P. Ekins, The SDGs Provide Limited Evidence That 
Environmental Policies Are Delivering Multiple Ecological and Social Benefits. Earth's Future, 2024. 
12(5): p. e2024EF004451. 

3. NASEM, A Vision for Continental-Scale Biology: Research Across Multiple Scales. 2024, The 
National Academies Press: Washington, DC. 

4. Little, J.C., R.O. Kaaronen, J.I. Hukkinen, S. Xiao, T. Sharpee, A.M. Farid, R. Nilchiani, and C.M. 
Barton, Earth Systems to Anthropocene Systems: An Evolutionary, System-of-Systems, 
Convergence Paradigm for Interdependent Societal Challenges. Environmental Science & 
Technology, 2023. 57(14): p. 5504–5520. 

5. One Health High-Level Expert, P., W.B. Adisasmito, S. Almuhairi, C.B. Behravesh, P. Bilivogui, S.A. 
Bukachi, N. Casas, N. Cediel Becerra, D.F. Charron, A. Chaudhary, J.R. Ciacci Zanella, A.A. 
Cunningham, O. Dar, N. Debnath, B. Dungu, E. Farag, G.F. Gao, D.T.S. Hayman, M. Khaitsa, M.P.G. 
Koopmans, C. Machalaba, J.S. Mackenzie, W. Markotter, T.C. Mettenleiter, S. Morand, V. 
Smolenskiy, and L. Zhou, One Health: A new definition for a sustainable and healthy future. PLOS 
Pathogens, 2022. 18(6): p. e1010537. 

6. Gupta, J., X. Bai, D.M. Liverman, J. Rockström, D. Qin, B. Stewart-Koster, J.C. Rocha, L. Jacobson, 
J.F. Abrams, L.S. Andersen, D.I. Armstrong McKay, G. Bala, S.E. Bunn, D. Ciobanu, F. DeClerck, K.L. 
Ebi, L. Gifford, C. Gordon, S. Hasan, N. Kanie, T.M. Lenton, S. Loriani, A. Mohamed, N. Nakicenovic, 
D. Obura, D. Ospina, K. Prodani, C. Rammelt, B. Sakschewski, J. Scholtens, T. Tharammal, D. van 
Vuuren, P.H. Verburg, R. Winkelmann, C. Zimm, E. Bennett, A. Bjørn, S. Bringezu, W.J. Broadgate, 
H. Bulkeley, B. Crona, P.A. Green, H. Hoff, L. Huang, M. Hurlbert, C.Y.A. Inoue, Ş. Kılkış, S.J. Lade, 
J. Liu, I. Nadeem, C. Ndehedehe, C. Okereke, I.M. Otto, S. Pedde, L. Pereira, L. Schulte-Uebbing, 
J.D. Tàbara, W. de Vries, G. Whiteman, C. Xiao, X. Xu, N. Zafra-Calvo, X. Zhang, P. Fezzigna, and G. 



35 

Gentile, A just world on a safe planet: a Lancet Planetary Health–Earth Commission report on 
Earth-system boundaries, translations, and transformations. The Lancet Planetary Health, 2024. 
8(10): p. e813–e873. 

7. Traore, T., S. Shanks, N. Haider, K. Ahmed, V. Jain, S.R. Rüegg, A. Razavi, R. Kock, N. Erondu, A. 
Rahman-Shepherd, A. Yavlinsky, L. Mboera, D. Asogun, T.D. McHugh, L. Elton, O. Oyebanji, O. 
Okunromade, R. Ansumana, M.H. Djingarey, Y. Ali Ahmed, A.B. Diallo, T. Balde, A. Talisuna, F. 
Ntoumi, A. Zumla, D. Heymann, I.S. Fall, and O. Dar, How prepared is the world? Identifying 
weaknesses in existing assessment frameworks for global health security through a One Health 
approach. The Lancet, 2023. 401(10377): p. 673–687. 

8. Adisasmito, W.B., S. Almuhairi, C. Barton Behravesh, P. Bilivogui, S.A. Bukachi, N. Casas, N.C. 
Becerra, D.F. Charron, A. Chaudhary, J.R. Ciacci Zanella, A.A. Cunningham, O. Dar, N. Debnath, B. 
Dungu, E. Farag, G.F. Gao, D.T.S. Hayman, M. Khaitsa, M.P.G. Koopmans, C. Machalaba, J.S. 
Mackenzie, W. Markotter, T.C. Mettenleiter, S. Morand, V. Smolenskiy, and L. Zhou, One Health 
action for health security and equity. The Lancet, 2023. 401(10376): p. 530–533. 

9. Edgeworth, M., A.M. Bauer, E.C. Ellis, S.C. Finney, J.L. Gill, P.L. Gibbard, M. Maslin, D.J. Merritts, 
and M.J.C. Walker, The Anthropocene Is More Than a Time Interval. Earth's Future, 2024. 12(7): 
p. e2024EF004831. 

10. Waring, T.M. and Z.T. Wood, Long-term gene-culture coevolution and the human evolutionary 
transition. Proceedings of the Royal Society B: Biological Sciences, 2021. 288(1952): p. 20210538. 

11. Little, J.C., E.T. Hester, and C.C. Carey, Assessing and enhancing environmental sustainability: A 
conceptual review. Environmental Science & Technology, 2016. 50(13): p. 6830–6845. 

12. Wang, C., D. Guan, and W. Cai, Grand Challenges Cannot Be Treated in Isolation. One Earth, 2019. 
1(1): p. 24–26. 

13. Olsen-Boyd, A., A. Cooke, R. Pring, and M. Battaglia, Convening missions - A playbook for collective 
implementation of mission-oriented innovation. 2023, CSIRO: Canberra. 

14. Stanek, L.W., W.E. Cascio, T.M. Barzyk, M.S. Breen, N.M. DeLuca, S.M. Griffin, L.J. Melnyk, J.M. 
Minucci, K.W. Thomas, N.S. Tulve, C.P. Weaver, and E.A. Cohen Hubal, Environmental public 
health research at the U.S. Environmental Protection Agency: A blueprint for exposure science in 
a connected world. Journal of Exposure Science & Environmental Epidemiology, 2024. 

15. Enquist, B.J., C.P. Kempes, and G.B. West, Developing a predictive science of the biosphere requires 
the integration of scientific cultures. Proceedings of the National Academy of Sciences, 2024. 
121(19): p. e2209196121. 

16. Bragazzi, N.L. and T. Lehr Big Epidemiology: The Birth, Life, Death, and Resurgence of Diseases on 
a Global Timescale. Epidemiologia, 2024. 5, 669–691 DOI: 10.3390/epidemiologia5040047. 

17. Lawrence, M., T. Homer-Dixon, S. Janzwood, J. Rockstöm, O. Renn, and J.F. Donges, Global 
polycrisis: the causal mechanisms of crisis entanglement. Global Sustainability, 2024. 7: p. e6. 

18. Gambhir, A., M.J. Albert, S.S.P. Doe, J.F. Donges, N. Farajalla, L.L. Giatti, H. Gundimeda, S. Hendel-
Blackford, T. Homer-Dixon, D. Hoyer, S. Adan, D. Jacome-Polit, L. Kemp, D. Korowicz, Z. Kovacic, J. 
Kwakkel, L. Laybourn, R. Lempert, A. Mahamoud, T.H. Oliver, I.E. Pavkova, J. Ponnoly, V. Satgar, 
M. Shipman, J. Sillmann, N. Silver, S. Stevenson, and R. Richardson, A systemic risk assessment 
methodological framework for the global polycrisis. Nature Communications, 2025. 16(1): p. 7382. 

19. Belardinelli, S., L. Garaffa, T. Pievani, and P. Vineis, Evolutionary epidemiology: a look ahead at 
human Noncommunicable diseases through a niche construction approach. BioScience, 2025: p. 
biaf095. 

20. Yang, J., Dealing with systemic environmental risks. Nature Sustainability, 2025. 8(5): p. 466–466. 
21. Liu, J., H. Mooney, V. Hull, S.J. Davis, J. Gaskell, T. Hertel, J. Lubchenco, K.C. Seto, P. Gleick, C. 

Kremen, and S. Li, Systems integration for global sustainability. Science, 2015. 347(6225): p. 
1258832. 



36 

22. Little, J.C., E.T. Hester, S. Elsawah, G.M. Filz, A. Sandu, C.C. Carey, T. Iwanaga, and A.J. Jakeman, A 
tiered, system-of-systems modeling framework for resolving complex socio-environmental policy 
issues. Environmental Modelling & Software, 2019. 112: p. 82–94. 

23. Iwanaga, T., H.-H. Wang, S.H. Hamilton, V. Grimm, T.E. Koralewski, A. Salado, S. Elsawah, S. Razavi, 
J. Yang, P. Glynn, J. Badham, A. Voinov, M. Chen, W.E. Grant, T.R. Peterson, K. Frank, G. Shenk, 
C.M. Barton, A.J. Jakeman, and J.C. Little, Socio-technical scales in socio-environmental modeling: 
Managing a system-of-systems modeling approach. Environmental Modelling & Software, 2021. 
135: p. 104885. 

24. Bi, C. and J.C. Little, Integrated assessment across building and urban scales: A review and proposal 
for a more holistic, multi-scale, system-of-systems approach. Sustainable Cities and Society, 2022. 
82: p. 103915. 

25. Farid, A.M. and J.C. Little. Convergent Anthropocene Systems: Towards an Agile, System-of-
Systems Engineering Approach. in 17th Annual System of Systems Engineering Conference (SOSE). 
2022. 

26. Maestripieri, D. and J. Jurgensen, On the unity of knowledge: Integrating scientific and humanistic 
approaches in evolutionary psychology and a call for papers for a special issue on consilience. 
Evolutionary Behavioral Sciences, 2025. 19(1): p. 1–13. 

27. Roco, M.C., Principles of convergence in nature and society and their application: from nanoscale, 
digits, and logic steps to global progress. Journal of Nanoparticle Research, 2020. 22(11): p. 321. 

28. Gajary, L.C., S. Misra, A. Desai, D.M. Evasius, J. Frechtling, D.A. Pendlebury, J.D. Schnell, G. 
Silverstein, and J. Wells, Convergence Research as a ‘System-of-Systems’: A Framework and 
Research Agenda. Minerva, 2023. 

29. Rockström, J., L. Kotzé, S. Milutinović, F. Biermann, V. Brovkin, J. Donges, J. Ebbesson, D. French, 
J. Gupta, R. Kim, T. Lenton, D. Lenzi, N. Nakicenovic, B. Neumann, F. Schuppert, R. Winkelmann, 
K. Bosselmann, C. Folke, W. Lucht, D. Schlosberg, K. Richardson, and W. Steffen, The planetary 
commons: A new paradigm for safeguarding Earth-regulating systems in the Anthropocene. 
Proceedings of the National Academy of Sciences, 2024. 121(5): p. e2301531121. 

30. Dikert, K., M. Paasivaara, and C. Lassenius, Challenges and success factors for large-scale agile 
transformations: A systematic literature review. Journal of Systems and Software, 2016. 119: p. 
87–108. 

31. Steffen, W., K. Richardson, J. Rockström, H.J. Schellnhuber, O.P. Dube, S. Dutreuil, T.M. Lenton, 
and J. Lubchenco, The emergence and evolution of Earth System Science. Nature Reviews Earth & 
Environment, 2020. 1(1): p. 54–63. 

32. Gounand, I., E. Harvey, C.J. Little, and F. Altermatt, Meta-Ecosystems 2.0: Rooting the Theory into 
the Field. Trends in Ecology & Evolution, 2018. 33(1): p. 36–46. 

33. Harvey, E., J.N. Marleau, I. Gounand, S.J. Leroux, C.R. Firkowski, F. Altermatt, F. Guillaume 
Blanchet, K. Cazelles, C. Chu, C.C. D'Aloia, L. Donelle, D. Gravel, F. Guichard, K. McCann, J.L.W. 
Ruppert, C. Ward, and M.-J. Fortin, A general meta-ecosystem model to predict ecosystem 
functions at landscape extents. Ecography, 2023. 2023(11): p. e06790. 

34. Richerson, P.J. and R. Boyd, Not by Genes Alone – How Culture Transformed Human Evolution. 
2005, Chicago, IL: The University of Chicago Press. 

35. Christian, D., Origin Story – A Big History of Everything. 2018, New York, NY: Little, Brown and 
Company. 

36. Wong, M.L., C.E. Cleland, D. Arend, S. Bartlett, H.J. Cleaves, H. Demarest, A. Prabhu, J.I. Lunine, 
and R.M. Hazen, On the roles of function and selection in evolving systems. Proceedings of the 
National Academy of Sciences, 2023. 120(43): p. e2310223120. 

37. Heyes, C., Rethinking Norm Psychology. Perspectives on Psychological Science, 2023. 19(1): p. 12–
38. 



37 

38. Condie, K.C., Earth as an Evolving Planetary System. 4th ed. 2021: Academic Press. 406. 
39. Schatz, H., The Evolution of Elements and Isotopes. Elements, 2010. 6(1): p. 13–17. 
40. Hazen, R.M., D. Papineau, W. Bleeker, R.T. Downs, J.M. Ferry, T.J. McCoy, D.A. Sverjensky, and H. 

Yang, Mineral evolution. American Mineralogist, 2008. 93(11-12): p. 1693–1720. 
41. Nagatsu, M., R.O. Kaaronen, M. Salmela, and M. MacLeod, Cultural Niche Construction as a 

Framework for Reorienting Human−Environment Relations. Topics in Cognitive Science, 2023. 
15(3): p. 413–432. 

42. Baluška, F., Cognitive Cells: From Cellular Senomic Spheres to Earth’s Biosphere. Biological Theory, 
2025. 

43. Aldrich, H.E., M. Ruef, and S. Lippmann, Organizations Evolving. 3rd ed. 2020: Edward Elgar 
Publishing. 384. 

44. Arthur, W.B., The Nature of Technology - What It Is and How It Evolves. 2009, New York, NY: Simon 
& Schuster, Inc. 

45. Renn, J., The Evolution of Knowledge - Rethinking Science for the Anthropocene. 2020, Princeton, 
NJ: Princeton University Press. 

46. Reber, A.S., F. Baluška, and W.B. Miller, The Sentient Cell - The Cellular Foundations of 
Consciousness. 2023, Oxford, UK: Oxford University Press. 

47. Bejan, A., The principle underlying all evolution, biological, geophysical, social and technological. 
Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering 
Sciences, 2023. 381(2252): p. 20220288. 

48. Lala, K.N., T. Uller, N. Feiner, M. Feldman, and S.F. Gilbert, Evolution Evolving: The Developmental 
Origins of Adaptation and Biodiversity. 2024: Princeton University Press. 

49. Miller, W.B., F. Baluška, A.S. Reber, and P. Slijepčević, Biology in the 21st century: Natural selection 
is cognitive selection. Progress in Biophysics and Molecular Biology, 2024. 190: p. 170–184. 

50. Miller, W.B., J.F. Cárdenas-García, F. Baluška, A.S. Reber, P. Slijepčević, and J.C. Little, A biogenic 
principle within the constructal law: The flow of information in biological systems. BioSystems, 
2025. 256: p. 105553. 

51. Muthukrishna, M. and J. Henrich, A problem in theory. Nature Human Behaviour, 2019. 3(3): p. 
221–229. 

52. Gigerenzer, G., Can psychology learn from the natural sciences? Theory & Psychology, 2024. 34(3): 
p. 295–310. 

53. Schill, C., J.M. Anderies, T. Lindahl, C. Folke, S. Polasky, J.C. Cárdenas, A.-S. Crépin, M.A. Janssen, 
J. Norberg, and M. Schlüter, A more dynamic understanding of human behaviour for the 
Anthropocene. Nature Sustainability, 2019. 2(12): p. 1075–1082. 

54. Medina, M., D.M. Baker, D.A. Baltrus, G.M. Bennett, U. Cardini, A.M.S. Correa, S.M. Degnan, G. 
Christa, E. Kim, J. Li, D.R. Nash, E. Marzinelli, M. Nishiguchi, C. Prada, M.S. Roth, M. Saha, C.I. 
Smith, K.R. Theis, and J. Zaneveld, Grand Challenges in Coevolution. Frontiers in Ecology and 
Evolution, 2022. 9. 

55. Laland, K., B. Matthews, and M.W. Feldman, An introduction to niche construction theory. 
Evolutionary Ecology, 2016. 30(2): p. 191–202. 

56. Weber, E.U., S.M. Constantino, and M. Schlüter, Embedding Cognition: Judgment and Choice in 
an Interdependent and Dynamic World. Current Directions in Psychological Science, 2023. 32(4): 
p. 328–336. 

57. Heft, H., Ecological psychology in context: James Gibson, Roger Barker, and the legacy of William 
James's radical empiricism. 2001: Lawrence Erlbaum Associates Publishers. 

58. Muthukrishna, M., J. Henrich, and E. Slingerland, Psychology as a Historical Science. Annual 
Review of Psychology, 2021. 72(1): p. 717–749. 



38 

59. Laubichler, M.D. and J. Renn, Extended evolution: A conceptual framework for integrating 
regulatory networks and niche construction. Journal of Experimental Zoology Part B: Molecular 
and Developmental Evolution, 2015. 324(7): p. 565–577. 

60. Schimmelpfennig, R. and M. Muthukrishna, Cultural evolutionary behavioural science in public 
policy. Behavioural Public Policy, 2023: p. 1–31. 

61. Henrich, J. and M. Muthukrishna, The Origins and Psychology of Human Cooperation. Annual 
Review of Psychology, 2021. 72(1): p. 207–240. 

62. Van Vugt, M. and C.R. von Rueden, From genes to minds to cultures: Evolutionary approaches to 
leadership. The Leadership Quarterly, 2020. 31(2): p. 101404. 

63. Maestripieri, D. and B.B. Boutwell, Human nature and personality variation: Reconnecting 
evolutionary psychology with the science of individual differences. Neuroscience & Biobehavioral 
Reviews, 2022. 143: p. 104946. 

64. Lippe, M., M. Bithell, N. Gotts, D. Natalini, P. Barbrook-Johnson, C. Giupponi, M. Hallier, G.J. 
Hofstede, C. Le Page, R.B. Matthews, M. Schlüter, P. Smith, A. Teglio, and K. Thellmann, Using 
agent-based modelling to simulate social-ecological systems across scales. GeoInformatica, 2019. 
23(2): p. 269–298. 

65. Bennett, M.S., Five Breakthroughs: A First Approximation of Brain Evolution From Early Bilaterians 
to Humans. Frontiers in Neuroanatomy, 2021. 15. 

66. Muthukrishna, M., M. Doebeli, M. Chudek, and J. Henrich, The Cultural Brain Hypothesis: How 
culture drives brain expansion, sociality, and life history. PLOS Computational Biology, 2018. 
14(11): p. e1006504. 

67. Baluška, F., W.B. Miller Jr, and A.S. Reber, Sentient cells as basic units of tissues, organs and 
organismal physiology. The Journal of Physiology, 2024. 602(11): p. 2491–2501. 

68. Torday, J.S., The cell as the mechanistic basis for evolution. Wiley Interdiscip Rev Syst Biol Med, 
2015. 7(5): p. 275–84. 

69. Schoonenberg, W.C.H. and A.M. Farid, Evaluating engineering system interventions, in Handbook 
of Engineering System Design, A. Maier, J. Oehmen, and P.E. Vermaas, Editors. 2022, Springer: 
Berlin, Heidelberg. p. 1–20. 

70. Scoones, I., A. Stirling, D. Abrol, J. Atela, L. Charli-Joseph, H. Eakin, A. Ely, P. Olsson, L. Pereira, R. 
Priya, P. van Zwanenberg, and L. Yang, Transformations to sustainability: combining structural, 
systemic and enabling approaches. Current Opinion in Environmental Sustainability, 2020. 42: p. 
65–75. 

71. LeDoux, J.E., The Four Realms of Existence - A New Theory of Being Human. 2023, Cambridge, MA: 
Harvard University Press. 

72. Romer, A.S., The Vertebrate as a Dual Animal — Somatic and Visceral, in Evolutionary Biology: 
Volume 6, T. Dobzhansky, M.K. Hecht, and W.C. Steere, Editors. 1972, Springer US: New York, NY. 
p. 121–156. 

73. Chen, W.G., D. Schloesser, A.M. Arensdorf, J.M. Simmons, C. Cui, R. Valentino, J.W. Gnadt, L. 
Nielsen, C.S. Hillaire-Clarke, V. Spruance, T.S. Horowitz, Y.F. Vallejo, and H.M. Langevin, The 
Emerging Science of Interoception: Sensing, Integrating, Interpreting, and Regulating Signals 
within the Self. Trends in Neurosciences, 2021. 44(1): p. 3–16. 

74. Bennett, M.S., A Brief History of Intelligence - Evolution, AI, and the Five Breakthroughs That Made 
Our Brains. 2023, New York, NY: HarperCollins Publishers. 

75. Kahneman, D., Thinking, Fast and Slow. 2011, New York, NY, USA: Farrar, Straus and Giroux. 
76. Seth, A.K. and T. Bayne, Theories of consciousness. Nature Reviews Neuroscience, 2022. 23(7): p. 

439–452. 
77. Vitas, M., Towards a Possible Definition of Consciousness. BioSystems, 2025. 254: p. 105526. 



39 

78. LeDoux, J., J. Birch, K. Andrews, N.S. Clayton, N.D. Daw, C. Frith, H. Lau, M.A.K. Peters, S. Schneider, 
A. Seth, T. Suddendorf, and M.M.P. Vandekerckhove, Consciousness beyond the human case. 
Current Biology, 2023. 33(16): p. R832–r840. 

79. Miller, W.B., F. Baluška, A.S. Reber, and P. Slijepčević, Biological mechanisms contradict AI 
consciousness: The spaces between the notes. BioSystems, 2025. 247: p. 105387. 

80. Zelditch, M.L. and A. Goswami, What does modularity mean? Evolution & Development, 2021. 
23(5): p. 377–403. 

81. Adler, M. and R. Medzhitov, Emergence of dynamic properties in network hypermotifs. 
Proceedings of the National Academy of Sciences, 2022. 119(32): p. e2204967119. 

82. Cisek, P., Resynthesizing behavior through phylogenetic refinement. Attention, Perception, & 
Psychophysics, 2019. 81(7): p. 2265–2287. 

83. Alon, U., An introduction to systems biology: design principles of biological circuits. Second ed. 
2020, Boca Raton: CRC Press, Taylor & Francis Group. 

84. Alon, U., Systems medicine: physiological circuits and the dynamics of disease. 2024, Boca Raton: 
CRC Press. 

85. Kashtan, N. and U. Alon, Spontaneous evolution of modularity and network motifs. Proceedings of 
the National Academy of Sciences, 2005. 102(39): p. 13773–13778. 

86. Alon, U., Network motifs: theory and experimental approaches. Nature Reviews Genetics, 2007. 
8(6): p. 450–461. 

87. Milo, R., S. Shen-Orr, S. Itzkovitz, N. Kashtan, D. Chklovskii, and U. Alon, Network Motifs: Simple 
Building Blocks of Complex Networks. Science, 2002. 298(5594): p. 824–827. 

88. Braganza, O. and H. Beck, The Circuit Motif as a Conceptual Tool for Multilevel Neuroscience. 
Trends in Neurosciences, 2018. 41(3): p. 128–136. 

89. Womelsdorf, T., T.A. Valiante, N.T. Sahin, K.J. Miller, and P. Tiesinga, Dynamic circuit motifs 
underlying rhythmic gain control, gating and integration. Nature Neuroscience, 2014. 17(8): p. 
1031–1039. 

90. Clune, J., J.-B. Mouret, and H. Lipson, The evolutionary origins of modularity. Proceedings of the 
Royal Society B: Biological Sciences, 2013. 280(1755): p. 20122863. 

91. Baluška, F. and M. Levin, On Having No Head: Cognition throughout Biological Systems. Frontiers 
in Psychology, 2016. 7. 

92. Levin, M., Bioelectric networks: the cognitive glue enabling evolutionary scaling from physiology 
to mind. Animal Cognition, 2023. 26(6): p. 1865–1891. 

93. Bizzarri, M., D.E. Brash, J. Briscoe, V.A. Grieneisen, C.D. Stern, and M. Levin, A call for a better 
understanding of causation in cell biology. Nature Reviews Molecular Cell Biology, 2019. 20(5): p. 
261–262. 

94. Yates, K.L., P.J. Bouchet, M.J. Caley, K. Mengersen, C.F. Randin, S. Parnell, A.H. Fielding, A.J. 
Bamford, S. Ban, A.M. Barbosa, C.F. Dormann, J. Elith, C.B. Embling, G.N. Ervin, R. Fisher, S. Gould, 
R.F. Graf, E.J. Gregr, P.N. Halpin, R.K. Heikkinen, S. Heinänen, A.R. Jones, P.K. Krishnakumar, V. 
Lauria, H. Lozano-Montes, L. Mannocci, C. Mellin, M.B. Mesgaran, E. Moreno-Amat, S. Mormede, 
E. Novaczek, S. Oppel, G. Ortuño Crespo, A.T. Peterson, G. Rapacciuolo, J.J. Roberts, R.E. Ross, K.L. 
Scales, D. Schoeman, P. Snelgrove, G. Sundblad, W. Thuiller, L.G. Torres, H. Verbruggen, L. Wang, 
S. Wenger, M.J. Whittingham, Y. Zharikov, D. Zurell, and A.M.M. Sequeira, Outstanding Challenges 
in the Transferability of Ecological Models. Trends in Ecology & Evolution, 2018. 33(10): p. 790–
802. 

95. Rastetter, E.B., J.D. Aber, D.P.C. Peters, D.S. Ojima, and I.C. Burke, Using Mechanistic Models to 
Scale Ecological Processes across Space and Time. BioScience, 2003. 53(1): p. 68–76. 

96. Fritsch, M., H. Lischke, and K.M. Meyer, Scaling methods in ecological modelling. Methods in 
Ecology and Evolution, 2020. 11(11): p. 1368–1378. 



40 

97. Maia, Kate P. and Paulo R. Guimarães Jr, The Hierarchical Coevolutionary Units of Ecological 
Networks. Ecology Letters, 2024. 27(9): p. e14501. 

98. Gallo, E., S. De Renzis, J. Sharpe, R. Mayor, and J. Hartmann, Versatile system cores as a conceptual 
basis for generality in cell and developmental biology. Cell Systems, 2024. 15(9): p. 790–807. 

99. Pandey, A., Modeling Frameworks for Modular and Scalable Biological Circuit Design, in 
Engineering and Applied Science. 2024, California Institute of Technology. 

100. Zitnik, M., M.M. Li, A. Wells, K. Glass, D. Morselli Gysi, A. Krishnan, T.M. Murali, P. Radivojac, S. 
Roy, A. Baudot, S. Bozdag, D.Z. Chen, L. Cowen, K. Devkota, A. Gitter, S.J.C. Gosline, P. Gu, P.H. 
Guzzi, H. Huang, M. Jiang, Z.N. Kesimoglu, M. Koyuturk, J. Ma, A.R. Pico, N. Pržulj, T.M. Przytycka, 
B.J. Raphael, A. Ritz, R. Sharan, Y. Shen, M. Singh, D.K. Slonim, H. Tong, X.H. Yang, B.-J. Yoon, H. 
Yu, and T. Milenković, Current and future directions in network biology. Bioinformatics Advances, 
2024. 4(1): p. vbae099. 

101. De Domenico, M., L. Allegri, G. Caldarelli, V. d’Andrea, B. Di Camillo, L.M. Rocha, J. Rozum, R. 
Sbarbati, and F. Zambelli, Challenges and opportunities for digital twins in precision medicine from 
a complex systems perspective. npj Digital Medicine, 2025. 8(1): p. 37. 

102. Boy, G.A., An epistemological approach to human systems integration. Technology in Society, 
2023. 74: p. 102298. 

103. Holt, J., Systems Engineering Demystified. 2nd ed. 2023, Birmingham, UK: Packt Publishing. 
104. Campo, K.X., T. Teper, C.E. Eaton, A.M. Shipman, G. Bhatia, and B. Mesmer, Model-based systems 

engineering: Evaluating perceived value, metrics, and evidence through literature. Systems 
Engineering, 2023. 26(1): p. 104–129. 

105. Delligatti, L., SysML Distilled - A Brief Guide to the Systems Modeling Language. 2014, Upper 
Saddle River, NJ: Addison-Wesley. 

106. Schoonenberg, W.C.H., I.S. Khayal, and A.M. Farid, A Hetero-functional Graph Theory for Modeling 
Interdependent Smart City Infrastructure. 2019, Berlin, Heidelberg: Springer. 196. 

107. Farid, A.M., D.J. Thompson, and W. Schoonenberg, A tensor-based formulation of hetero-
functional graph theory. Scientific Reports, 2022. 12(1): p. 18805. 

108. Guizzardi, G., Ontological foundations for structural conceptual models. 2005: CTIT, Centre for 
Telematics and Information Technology. 

109. Mylopoulos, J., G. Guizzardi, and N. Guarino, Conceptual modeling: Foundations, a historical 
perspective, and a vision for the future. Data & Knowledge Engineering, 2025. 160: p. 102483. 

110. Yang, L., K. Cormican, and M. Yu, Ontology-based systems engineering: A state-of-the-art review. 
Computers in Industry, 2019. 111: p. 148–171. 

111. Brown, F.T., Engineering System Dynamics. 2nd ed. 2007, Boca Raton, FL: CRC Press, Taylor & 
Francis Group. 

112. Chan, S.-P., S.-Y. Chan, and S.-G. Chan, Analysis of linear Networks and Systems. 1972: Addison-
Wesley. 

113. Sterman, J.D., Business Dynamics: Systems Thinking and Modeling for A Complex World. Vol. 19. 
2000, Boston, MA, USA: Irwin/McGraw-Hill. 

114. Newman, M., Networks: An Introduction. 2009, Oxford, UK: Oxford University Press. 
115. van Steen, M., Graph Theory and Complex Networks: An Introduction. 2010: Maarten van Steen. 
116. Ghorbanichemazkati, E. and A.M. Farid, Generalizing Linear Graphs and Bond Graph Models with 

Hetero-functional Graphs for System-of-Systems Engineering Applications. 2025 In review. 
117. Naderi, M.M., M.S. Harris, E. Ghorbanichemazkati, J.C. Little, and A.M. Farid, Convergent 

Anthropocene Systems-of-Systems: Overcoming the Limitations of System Dynamics with Hetero-
functional Graph Theory. 2025 In review. 

118. De Domenico, M., More is different in real-world multilayer networks. Nature Physics, 2023. 19(9): 
p. 1247–1262. 



41 

119. Kivelä, M., A. Arenas, M. Barthelemy, J.P. Gleeson, Y. Moreno, and M.A. Porter, Multilayer 
networks. Journal of complex networks, 2014. 2(3): p. 203–271. 

120. Thompson, D., P. Hegde, I.W.C.H.a.K. Schoonenberg, and A.M. Farid, The Hetero-functional Graph 
Theory Toolbox. https://arxiv.org/abs/2005.10006, 2021. 1(1): p. 11. 

121. Farid, A.M., A Hybrid Dynamic System Model for Multi-Modal Transportation Electrification. IEEE 
Transactions on Control System Technology, 2016. PP(99): p. 1–12. 

122. Khayal, I.S. and A.M. Farid, Axiomatic Design Based Volatility Assessment of the Abu Dhabi 
Healthcare Labor Market. Journal of Enterprise Transformation, 2015. 5(3): p. 162–191. 

123. Khayal, I.S. and A.M. Farid, Architecting a System Model for Personalized Healthcare Delivery and 
Managed Individual Health Outcomes. Complexity, 2018. 1(1): p. 1–25. 

124. Khayal, I.S. and A.M. Farid, A Dynamic System Model for Personalized Healthcare Delivery and 
Managed Individual Health Outcomes. IEEE Access, 2021. 9: p. 1–16. 

125. Schoonenberg, W.C.H. and A.M. Farid, A Dynamic Model for the Energy Management of 
Microgrid-Enabled Production Systems. Journal of Cleaner Production, 2017. 1(1): p. 1–10. 

126. Viswanath, A., E.E.S. Baca, and A.M. Farid, An Axiomatic Design Approach to Passenger Itinerary 
Enumeration in Reconfigurable Transportation Systems. IEEE Transactions on Intelligent 
Transportation Systems, 2014. 15(3): p. 915–924. 

127. Thompson, D.J. and A.M. Farid, A reference architecture for the American Multi-Modal Energy 
System enterprise. Journal of Industrial Information Integration, 2023. 36: p. 100521. 

128. Hamilton, S.H., S. ElSawah, J.H.A. Guillaume, A.J. Jakeman, and S.A. Pierce, Integrated assessment 
and modelling: Overview and synthesis of salient dimensions. Environmental Modelling & 
Software, 2015. 64: p. 215–229. 

129. Nagel, B. and S. Partelow, A methodological guide for applying the social-ecological system (SES) 
framework: a review of quantitative approaches. Ecology and Society, 2022. 27(4). 

130. Pande, S. and M. Sivapalan, Progress in socio-hydrology: a meta-analysis of challenges and 
opportunities. WIREs Water, 2017. 4(4): p. e1193. 

131. le Polain de Waroux, Y., R.D. Garrett, M. Chapman, C. Friis, J. Hoelle, L. Hodel, K. Hopping, and J.G. 
Zaehringer, The role of culture in land system science. Journal of Land Use Science, 2021: p. 1–17. 

132. Elsawah, S., T. Filatova, A. Jakeman, J., A. Kettner, J., M. Zellner, L., I. Athanasiadis, N., S. Hamilton, 
H., R. Axtell, L., D. Brown, G., J. Gilligan, M., M. Janssen, A., D. Robinson, T., J. Rozenberg, I. Ullah, 
I. T., and S. Lade, J., Eight grand challenges in socio-environmental systems modeling. Socio-
Environmental Systems Modelling, 2020. 2(0). 

133. Reed, P.M., A. Hadjimichael, R.H. Moss, C. Brelsford, C.D. Burleyson, S. Cohen, A. Dyreson, D.F. 
Gold, R.S. Gupta, K. Keller, M. Konar, E. Monier, J. Morris, V. Srikrishnan, N. Voisin, and J. Yoon, 
Multisector Dynamics: Advancing the Science of Complex Adaptive Human-Earth Systems. Earth's 
Future, 2022. 10(3): p. e2021EF002621. 

134. Ghaffarian, S., F.R. Taghikhah, and H.R. Maier, Explainable artificial intelligence in disaster risk 
management: Achievements and prospective futures. International Journal of Disaster Risk 
Reduction, 2023. 98: p. 104123. 

135. Brelsford, C., A. Jones, B. Pandey, P. Vahmani, M. Allen-Dumas, D. Rastogi, K. Sparks, M. Bukovsky, 
I. Dronova, T. Hong, D.M. Iwaniec, M.E. Newcomer, S.C. Reid, and Z. Zheng, Cities Are 
Concentrators of Complex, MultiSectoral Interactions Within the Human-Earth System. Earth's 
Future, 2024. 12(11): p. e2024EF004481. 

136. Anvari, F., T. Alsalti, L.A. Oehler, I. Hussey, M. Elson, and R.C. Arslan, Defragmenting psychology. 
Nature Human Behaviour, 2025. 9(5): p. 836–839. 

137. Shin, J., V. Porubsky, J. Carothers, and H.M. Sauro, Standards, dissemination, and best practices in 
systems biology. Current Opinion in Biotechnology, 2023. 81: p. 102922. 

https://arxiv.org/abs/2005.10006


42 

138. Walling, E. and C. Vaneeckhaute, Developing successful environmental decision support systems: 
Challenges and best practices. Journal of Environmental Management, 2020. 264: p. 110513. 

139. Moallemi, E.A., F. Zare, A. Hebinck, K. Szetey, E. Molina-Perez, R.L. Zyngier, M. Hadjikakou, J. 
Kwakkel, M. Haasnoot, K.K. Miller, D.G. Groves, P. Leith, and B.A. Bryan, Knowledge co-production 
for decision-making in human-natural systems under uncertainty. Global Environmental Change, 
2023. 82: p. 102727. 

140. Aly, E., E. Suprun, H.H. Turan, and S. Elsawah, MBSE for robust decision support systems: A 
resilient, mission-centric reference model. Digital Engineering, 2025. 6: p. 100044. 

141. Hukkinen, J.I., J.T. Eronen, N. Janasik, S. Kuikka, A. Lehikoinen, P.D. Lund, H. Räisänen, and M.J. 
Virtanen, The policy operations room: Analyzing path-dependent decision-making in wicked socio-
ecological disruptions. Safety Science, 2022. 146: p. 105567. 

142. Järvensivu, P., H. Räisänen, and J.I. Hukkinen, A simulation exercise for incorporating long-term 
path dependencies in urgent decision-making. Futures, 2021. 132: p. 102812. 

143. Kwakkel, J.H. and M. Haasnoot, Supporting DMDU: A Taxonomy of Approaches and Tools, in 
Decision Making under Deep Uncertainty: From Theory to Practice, V.A.W.J. Marchau, et al., 
Editors. 2019, Springer International Publishing: Cham. p. 355–374. 

144. NASEM, The Science and Practice of Team Science. 2025: Washington, DC. 
145. Jakeman, A.J., S. Elsawah, H.-H. Wang, S.H. Hamilton, L. Melsen, and V. Grimm, Towards 

normalizing good practice across the whole modeling cycle: its instrumentation and future 
research topics. Socio-Environmental Systems Modelling, 2024. 6: p. 18755. 

146. Wang, H.-H., G. van Voorn, W.E. Grant, F. Zare, C. Giupponi, P. Steinmann, B. Müller, S. Elsawah, 
H. van Delden, I.N. Athanasiadis, Z. Sun, W. Jager, J.C. Little, and A.J. Jakeman, Scale decisions and 
good practices in socio-environmental systems modelling: guidance and documentation during 
problem scoping and model formulation. Socio-Environmental Systems Modelling, 2023. 5: p. 
18563. 

147. Noble, S., J. Curtiss, L. Pessoa, and D. Scheinost, The tip of the iceberg: A call to embrace anti-
localizationism in human neuroscience research. Imaging Neuroscience, 2024. 2: p. 1–10. 

148. Cabrera, D. and L. Cabrera From One Cause to Webs of Causality. Systems, 2025. 13,  DOI: 
10.3390/systems13070510. 

149. Hipsey, M.R., L.C. Bruce, C. Boon, B. Busch, C.C. Carey, D.P. Hamilton, P.C. Hanson, J.S. Read, E. de 
Sousa, M. Weber, and L.A. Winslow, A General Lake Model (GLM 3.0) for linking with high-
frequency sensor data from the Global Lake Ecological Observatory Network (GLEON). Geosci. 
Model Dev., 2019. 12(1): p. 473–523. 

150. Byun, D. and K.L. Schere, Review of the Governing Equations, Computational Algorithms, and 
Other Components of the Models-3 Community Multiscale Air Quality (CMAQ) Modeling System. 
Applied Mechanics Reviews, 2006. 59(2): p. 51–77. 

151. Gilliam, R.C., J.A. Herwehe, O.R. Bullock Jr, J.E. Pleim, L. Ran, P.C. Campbell, and H. Foroutan, 
Establishing the Suitability of the Model for Prediction Across Scales for Global Retrospective Air 
Quality Modeling. Journal of Geophysical Research: Atmospheres, 2021. 126(10): p. 
e2020JD033588. 

152. Barton, C.M., D. Ames, M. Chen, K. Frank, H.R.A. Jagers, A. Lee, S. Reis, and L. Swantek, Making 
modeling and software FAIR. Environmental Modelling & Software, 2022. 156: p. 105496. 

153. Barton, C.M., A. Lee, M.A. Janssen, S. van der Leeuw, G.E. Tucker, C. Porter, J. Greenberg, L. 
Swantek, K. Frank, M. Chen, and H.R.A. Jagers, How to make models more useful. Proceedings of 
the National Academy of Sciences, 2022. 119(35): p. e2202112119. 

154. Khalil, C. and S. Khalil, Exploring knowledge management in agile software development 
organizations. International Entrepreneurship and Management Journal, 2020. 16(2): p. 555–569. 



43 

155. Wilson, D.S., G. Madhavan, M.J. Gelfand, S.C. Hayes, P.W.B. Atkins, and R.R. Colwell, Multilevel 
cultural evolution: From new theory to practical applications. Proceedings of the National 
Academy of Sciences, 2023. 120(16): p. e2218222120. 

 


