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7 ABSTRACT: Evolutionary mechanisms have enabled humans to
8 transform Earth systems. Because the resulting Anthropocene systems
9 are highly interdependent and dynamically evolving, often with
10 accelerating rates of cultural and technological evolution, One Earth
11 and One Health must be framed and addressed in a holistic fashion. An
12 agile, evolutionary, system-of-systems, convergence paradigm, which is
13 based on a partially quantifiable, scientifically falsifiable theoretical
14 framework, can be used to systematically identify, decompose,
15 characterize, and then converge a nested, evolutionary ensemble of
16 geophysical, biophysical, sociocultural, and sociotechnical systems. The
17 paradigm includes individual organisms (spanning plants, fungi, and
18 animals) engaging in niche construction in a global meta-ecosystem that
19 integrates the deep evolutionary history of all Anthropocene systems. To
20 coherently span the vast range of scales, the paradigm is divided into a somatic realm (externally oriented with respect to individual
21 organisms) that can be applied at global, regional, urban, and local scales, as well as a visceral realm (internally oriented with respect
22 to individual organisms) that includes organs, cells, organelles, genes, and molecules. The paradigm requires a causally coherent
23 evolutionary framework, cross-scale, modular, and hierarchical conceptual models (based on a common language and reconciled
24 ontology), with agile, extensible, and scalable computational frameworks, an associated decision-support system, and an educational
25 pedagogy.
26 KEYWORDS: modular evolution, scientifically falsifiable, theoretical framework, niche construction, realms of life,
27 systems modeling language, heterofunctional graph theory

1. INTRODUCTION
28 Humans have profoundly transformed Earth’s systems, creating
29 a broad array of deeply entwined and intractable societal
30 challenges. For example, a recent assessment of the Planetary
31 Boundaries framework1 revealed that Earth is now beyond six of
32 nine interdependent planetary boundaries, concluding that
33 anthropogenic impacts must be considered in a systemic
34 context. In addition, a recent assessment of progress toward
35 meeting the Sustainable Development Goals2 found no evidence
36 that the limited environmental improvements that have been
37 made (in forest and water ecosystems) are linked to positive
38 social impacts. Furthermore, a recent assessment of the United
39 Nations Framework Convention on Climate Change3 demon-
40 strated that well-intentioned climate mitigation policies and
41 measures can result in unintended consequences and problem-
42 shifting, where efforts to curb climate change inadvertently
43 create new environmental or socio-economic challenges. Finally,

44addressing climate change, emerging infectious diseases, the
45spread of invasive species, and food security will require a new
46era of continental-scale biology4 with multiscale, multidiscipli-
47nary theory that extends from molecules to organisms, and from
48ecosystems to biomes to the biosphere. Collectively, these four
49studies “underscore the urgent need for holistic, Earth-system-
50based approaches that account for system wide human-
51environment interactions”.3

52The need to holistically address these interdependent societal
53challenges of the Anthropocene5 is explicitly recognized in the
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54 re-envisioned One Health approach, which aims to sustainably
55 balance the health of humans, animals, and ecosystems.6,7 As

f1 56 shown in Figure 1, the approach intends to mobilize multiple
57 sectors, disciplines, and communities across a range of scales and
58 organizational levels, while simultaneously addressing the need
59 for clean water, energy, and air, providing access to safe and
60 nutritious food, and tackling climate change, disasters, and
61 sustainable development.6 A recent assessment of the
62 approach,8 which was published as part of The Lancet Series
63 on One Health and Global Health Security,9 found that current
64 frameworks do little to consider anthropogenic factors in
65 disease, concluding that “a complex and interdependent set of
66 challenges threaten human, animal, and ecosystem health, and
67 that we cannot afford to overlook important contextual factors,
68 or the determinants of these shared threats.”
69 To address these interdependent societal challenges, we need
70 to catalyze societal transformations with strategic interventions
71 that can be coordinated across multiple systems and scales.
72 However, a recent critical review5 argued that this is not possible
73 with available approaches or frameworks, in agreement with five
74 independent assessments.1−4,8 The critical review outlined the
75 evolutionary mechanisms that enabled humans to transform
76 Earth systems, culminating in the current, globally connected
77 system of Anthropocene systems (noting that the Anthropocene
78 is more than a time interval10). Because Anthropocene systems
79 are highly interdependent and dynamically evolving, often with
80 accelerating rates of cultural and technological evolution,11 the
81 ensuing societal challenges are also highly interdependent, as is
82 increasingly being recognized,1,4,8,12−22 and need to be
83 holistically framed and addressed.1,4−6,12,19,20,22−27

84 An evolutionary perspective can also be used to gain valuable
85 insights into earlier societal transformations, beginning with four
86 proposed transitions in the coevolution of early humans (see

87Table 4 in ref. 5), and continuing with agriculture, urbanization,
88industrialization, and computerization. Understanding these
89earlier societal transformations, which enabled the coevolution
90of the Anthropocene and the emergence of the ensuing societal
91challenges, should prove valuable as we attempt to coordinate
92new systemic interventions.
93In addition to these complex challenges, the partition of
94knowledge into many disciplines and subdisciplines is
95simultaneously one of the greatest scientific and societal
96challenges of our time,5,28 severely impeding progress because
97“we cannot see the forest for the trees.” The deep integration of
98knowledge, methods, and expertise across multiple disciplines
99requires convergence.29−31 Although the definition of con-
100vergence has evolved, it has recently been emphasized31 that
101“new frameworks, paradigms, or even disciplines can emerge
102from convergence research, as research communities adopt
103common frameworks and a new scientific language.” Con-
104vergence, therefore, facilitates transdisciplinary research,32

105which is seen as the pinnacle of integration across
106disciplines.31,33 Because the Anthropocene systems span a vast
107number of disciplinary boundaries, convergence is required to
108address the resulting societal challenges.
109In this review, we build on the previously proposed
110evolutionary (evo) system-of-systems (SoS) convergence
111paradigm,5 which is based on a partially quantifiable, scientifi-
112cally falsifiable theoretical framework and can be used to
113systematically identify, decompose, characterize, and then
114converge a nested, evolutionary ensemble of geophysical,
115biophysical, sociocultural, and sociotechnical systems. The
116previous critical review outlined the evolutionary mechanisms
117that enabled humans to transform Earth systems into
118Anthropocene systems,5 but in this new review, we broaden
119the scope to include the coevolution of ecosystems, animals, and

Figure 1. Conceptual representation of the One Health approach.6 To successfully address multiple globally connected and interdependent societal
challenges in an integrated and holistic fashion requires extensive communication, coordination, capacity building, and collaboration.9 Figure
reproduced from ref. 6. Available under CC-BY 1.0. Copyright 2022 PLOS Pathogens.
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120 humans, as required for the One Health approach,6 and because
121 an equivalent One Earth approach is needed4,5,17,34 with an
122 evolutionary framework that integrates geophysical, biophysical,
123 sociocultural, and sociotechnical systems at the planetary
124 scale.5,34

125 As we will argue, an evolutionary perspective is essential
126 because we need to understand the causally coherent, cross-
127 scale, evolutionary mechanisms that enabled the family of
128 societal challenges to emerge. A system-of-systems perspective is
129 equally essential because we need to manage the unprecedented
130 range of scale and complexity as effectively as possible. The
131 extended evoSoS convergence paradigm will enable One Earth,
132 One Health, and the associated family of societal challenges of
133 the Anthropocene to be framed and addressed in an integrated
134 fashion with causally coherent strategic interventions across
135 multiple systems and scales. However, the development and
136 implementation of the paradigm will require a major trans-
137 formation in our approach to science and engineering, with five
138 primary elements:
139 1. Causally coherent, scientifically falsifiable theoretical
140 framework characterizing a system of Anthropocene
141 systems within a planetary-scale meta-ecosystem.
142 2. Cross-scale, modular, hierarchical, dynamic conceptual
143 models of the Anthropocene systems that are based on a
144 common language and that reconcile disciplinary
145 ontologies.
146 3. Common computational frameworks that build directly
147 on the conceptual models and that are agile, extensible,
148 and scalable.
149 4. Coherent decision-support system used to interact with
150 the conceptual models and computational frameworks,
151 enabling effective integration of a wide range of
152 stakeholder perspectives spanning multiple scales and
153 organizational levels.
154 5. Comprehensive educational pedagogy to train a new
155 generation of Anthropocene systems integrators to
156 develop and implement the paradigm.
157 To justify the five required elements of the evoSoS
158 convergence paradigm, we more explicitly address the collective
159 limitations of several closely related fields of research in Section
160 2. Our review then takes an evolutionary perspective in Section 3
161 and a system-of-systems perspective in Section 4. In Section 5,
162 we outline the requirements for the primary elements, which are
163 all crucially important to facilitate communication, coordina-
164 tion, capacity building, and collaboration, all of which are
165 essential for success6 (see Figure 1). We conclude with a brief
166 overview of the development and implementation of the
167 paradigm in Section 6 and a summary of research needs in
168 Section 7. Given the vast scope, this includes an agile
169 approach,27,35 taking place in iterations, each of which produces
170 new insights and can be refined in light of those insights,
171 enabling a low implementation risk to the first investment and a
172 viable roadmap toward an ambitious end goal that cannot
173 otherwise be achieved.

2. LIMITATIONS OF CLOSELY RELATED FIELDS OF
174 RESEARCH
175 Substantial progress is being made in several closely related,
176 interdisciplinary, and transdisciplinary fields of research,
177 including Earth system science,36 integrated assessment and
178 modeling,37 social-ecological systems research,38 sociohydrol-
179 ogy,39 land systems science,40 socioenvironmental systems

180modeling,41 multisector dynamics,42 disaster resilience,43

181circular economy,44,45 global polycrisis,19,20 and convergence
182research.46,47 Unfortunately, for our purposes, they collectively
183exhibit three primary limitations: (1) they are not based on the
184evolutionary mechanisms that gave rise to the Anthropocene
185and the ensuing societal challenges; (2) they include elements of
186social and ecological systems, but these elements are seldom
187based on a causally coherent evolutionary framework; and (3)
188they do not start with a framing that is holistic enough for
189addressing many interconnected societal challenges that are
190highly interdependent and dynamically evolving.
191To give a concrete example, a review of nine publications47−55

192in a special feature on Convergent Science for Sustainable
193Regional Systems, which is being published by Ecology and
194Society − A Journal of Integrative Science for Resilience and
195Sustainability, reveals that none mention the evolutionary
196mechanisms that gave rise to the Anthropocene. Although
197evolutionary approaches are being considered in social-
198ecological systems research (e.g., see refs. 56−59), they do not
199yet provide a causally coherent evolutionary framework,
200meaning that interventions across multiple systems and scales
201cannot be effectively coordinated. Indeed, the field of social-
202ecological systems acknowledges these limitations, identifying60

203“persistent challenges, including conceptual and methodological
204fragmentation, difficulty in scaling localized insights to global
205frameworks (and vice versa), and capturing cross-scale
206connections and processes while retaining contextual relevance.”
207Societal challenges of the Anthropocene, including One Earth
208and One Health, are usually addressed as if they are
209disconnected.5,26,27 As a result, many research initiatives
210(perhaps tens of thousands) in the closely related fields of
211research mentioned above are currently in progress worldwide.
212Many new frameworks and approaches for the various societal
213challenges are being produced, most involving many of the same
214systems (e.g., land use, watershed, energy, transportation,
215climate, communication, economics, and most other socio-
216cultural systems are common across all challenges), and most
217will require extensive interventions within many of the same
218systems. The initiatives have their preferred languages,
219ontologies, and computational frameworks (see Section 4),
220with an increasing number including elements of social systems.
221It is clear that urban areas drive environmental change at
222multiple scales61 and concentrate complex, multisectoral
223interactions within the human-Earth system.62 Now imagine a
224city within a region that has multiple interdependent societal
225challenges and multiple systems that are nested, highly
226interdependent, and dynamically evolving with accelerating
227rates of cultural and technological evolution. If different groups
228are addressing different societal challenges in the same urban
229area using different languages, ontologies, and computational
230frameworks, we have to ask:
231•Can the coevolution of a system of Anthropocene systems be
232represented in a causally coherent fashion?
233•Can the many different approaches to human behavior (e.g.,
234see ref. 63) in sociocultural and sociotechnical systems be
235coherently integrated with other Anthropocene systems (e.g.,
236geophysical and biophysical systems)?
237•Can the different ontologies in multiple Anthropocene
238systems be reconciled?
239•Can the vast complexity and deep uncertainty be
240simultaneously managed?
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241 •Can the required cross-scale interventions (e.g., at local,
242 urban, and regional scales) in multiple heterogeneous
243 Anthropocene systems be coordinated and integrated?
244 So far, we are only imagining one city in one region, but there
245 are thousands of urban areas (perhaps 10,000 cities worldwide,
246 with about 40megacities where the population is greater than 10
247 million) where similar questions apply. Again, we have to ask:
248 •Is the required communication, coordination, capacity
249 building, and collaboration on multiple interdependent societal
250 challenges at the urban scale even possible?
251 •Can new knowledge acquired in one urban area be rapidly
252 included in the computational frameworks that are being
253 developed or applied in many other urban areas?
254 •Can urban, regional, and global capacity-building initiatives
255 take advantage of a common language, ontology, and computa-
256 tional framework?
257 •Are research organizations and professional societies
258 coordinating their activities to try and change the prevailing
259 culture in the relevant knowledge domains and disciplines?
260 •Are funding agencies, which typically address the range of
261 societal challenges, coordinating their research solicitations to
262 make the most of their limited resources?
263 Unfortunately, there are few positive answers to any of the ten
264 preceding questions.
265 While the closely related fields of research (i.e., refs.
266

19,20,34,36−47) should be recognized for the valuable progress
267 they are making while addressing interdisciplinary problems
268 involving coupled systems, they do not start with a framing that
269 is holistic enough to simultaneously address One Earth, One
270 Health, and the associated interdependent societal challenges of

271the Anthropocene with causally coherent strategic interventions
272across multiple systems and scales.

3. AN EVOLUTIONARY PERSPECTIVE
273Dynamic evolutionary mechanisms enabled billions of humans
274to profoundly transform Earth’s systems,36 creating a globally
275connected1,23,34 meta-ecosystem,64,65 which can be represented
276as a system of Anthropocene systems.5

3.1. Evolution Broadly Conceptualized
277The origin story of life on Earth66,67 is a consequence of
278geological, genetic, cultural, and technological evolution,5

279recognizing that evolution, more broadly conceptualized, is
280not limited to biology68 and requires only variation and selective
281retention.69 The Earth can be understood as an evolving
282planetary system70 with chemical elements that evolved in
283stars71 enabling the evolution of minerals72 on Earth, which in
284turn influence our globally connected meta-ecosystem and the
285coevolving ecological niche of life on Earth.73,74 Similarly,
286human organizations,75 technology,76 and knowledge77 evolve,
287including our knowledge36 of the form, function, and resulting
288behavior of Anthropocene systems. Indeed, our understanding
289of evolutionary mechanisms is also evolving.74,78−84

290Starting with this broad evolutionary perspective, a nested
291evolutionary ensemble of Anthropocene systems can be
292 f2identified5 as follows (see Figure 2): (1) Geophysical systems,
293which include, for example, geological, oceanic, atmospheric,
294climatic, and hydrological systems; (2) Biophysical systems,
295which integrate biological and geophysical systems and include,
296for example, ecological and soil systems; (3) Sociocultural
297systems, which are a specialized form of biophysical systems that

Figure 2. An initial list of 20 primary Anthropocene systems is shown on the right. The image on the left provides a visual representation of a system of
Anthropocene systems in an urban area, with the “real world” on the bottom and 10 interdependent systems layered above. The image on the bottom
illustrates the primary Anthropocene systems within a coevolving, nested, evolutionary ensemble of geophysical, biophysical, sociocultural, and
sociotechnical systems.
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298 emphasize social knowledge and culture and include, for
299 example, cognitive, communication, education, economic,
300 legal, and governance systems; and (4) Sociotechnical systems,
301 which are a specialized form of sociocultural systems that
302 emphasize technical knowledge and technology and include, for
303 example, land-use, energy, agricultural, mining, transportation,
304 industrial, and other infrastructure systems.
305 Although cultural and technological evolution are inextricably
306 entwined, it is nevertheless useful to distinguish between
307 sociocultural and sociotechnical systems because technology
308 and socially mediated technical knowledge greatly enhance
309 human influence and accelerate coevolutionary mechanisms in
310 the ensemble of Anthropocene systems. Earlier geophysical and
311 biophysical systems were, of course, always connected through
312 global climate and plate tectonics, but the more recent
313 sociocultural and sociotechnical systems have vastly accelerated
314 the temporal rates of interaction among the systems and vastly
315 increased the spatial extent of interactions across the systems,
316 creating a much more dynamic, globally connected system of
317 Anthropocene systems.5

318 A causally coherent (i.e., mechanistically consistent) the-
319 oretical framework based on scientifically falsifiable evolutionary
320 principles will allow researchers to derive specific predictions
321 from more general premises, an especially urgent need in
322 behavioral science.85,86 For example, a more dynamic under-
323 standing of human behavior coevolving with both biophysical
324 and sociocultural contexts87 enables a better understanding of
325 the dynamics of the Anthropocene. Without a scientifically
326 falsifiable theoretical framework, results are neither expected nor
327 unexpected based on how they fit into theory and cannot be
328 related to research in other knowledge domains.85

329 Understanding coevolution more broadly, as opposed to
330 simpler scenarios in which organisms adapt independently to a
331 specific environment, reveals a spectrum of interactions (e.g.,
332 mutualistic, commensal, competitive, and antagonistic) that
333 provide context and nuance to ecological strategies.88 In
334 addition, organisms may actively modify their own and each
335 other’s ecological niche, with evolution by niche construction
336 becoming possible when these modifications influence evolu-
337 tionary selection.89 Coevolving geophysical systems play an
338 important role in niche construction, as organisms alter their
339 prevailing environment and need to be included to more
340 completely represent the coevolutionary niche. Anthropogenic
341 change provides a compelling example of humans both
342 intentionally and unintentionally influencing the ecological
343 niche73 of life on Earth.
344 The evoSoS paradigm aims to coherently integrate geo-
345 physical sciences, biological sciences, health sciences, social
346 sciences, engineering, and the humanities, providing a partially
347 quantifiable, causally coherent, and scientifically falsifiable
348 theoretical framework. Crucially, this framework can represent
349 human behavior in sociocultural systems.85 Unfortunately, the
350 interdependent relationship between human behavior and
351 context has largely been ignored,90 although progress has been
352 made by environmental and ecological psychology83,91 as well as
353 historical psychology.92 Building on these and similar
354 initiatives,93 the evoSoS convergence paradigm enables the
355 integration of behavioral science− including the physical, social,
356 and evolutionary contexts that shape perception, deliberation,
357 and inferential reasoning − with the geophysical, biophysical,
358 sociocultural, and sociotechnical context in which the behavior
359 occurs.

360Human behavior92 is shaped by billions of years of genetic
361evolution, millions of years of cultural evolution, and a short
362lifetime of accumulated knowledge, offering levers for behavioral
363change.94 Several major evolutionary mechanisms (e.g., kinship,
364reciprocity, status, leaders, signaling, punishment, emotions,
365rituals, norms, and institutions)69,95−98 can be used to explain
366human cooperation and competition in sociocultural systems.
367There are other mechanisms and elements of sociocultural
368systems that can be considered (e.g., see Table 4 and the
369Appendix in ref. 5), but as an illustrative starting point, a generic
370model of a sociocultural system might be represented5 as
371follows. Individuals in sociocultural systems process information
372using their own cognitive systems, cooperate and compete with
373other individuals using communication systems, acquire and
374lose status and leadership positions, acquire and forget
375knowledge, norms, and institutions, and form alliances with
376other individuals. Similarly, groups of individuals cooperate and
377compete with other groups using communication systems,
378acquire and lose status, acquire and forget knowledge, norms,
379and institutions, and form alliances with other groups.
380Governance, legal, economic, and educational systems guide
381and constrain the coevolving dynamics.
382The resulting social dynamics involve individuals, groups, and
383groups of groups, with overlapping versions of these modular,
384scalable, agent-based structures (e.g., see ref. 99) propagating
385through all sociocultural systems. For example,5 cultural variants
386(e.g., skills, tools, habits, customs, rituals, norms, and
387institutions) can be learned or acquired socially.83,100 Cultural
388transmission occurs when a cultural variant is learned with
389sufficiently few errors such that even small, unobvious
390improvements are retained, and cultural evolution occurs
391when small improvements to existing cultural variants spread
392through populations.100

393Once it is understood that humans evolved from unicellular
394organisms through cooperation, codependence, collaboration,
395and competition, and that this is also the case for plants, fungi,
396and animals, the interrelatedness of all species on Earth can be
397embraced,81,83,101 with their evolved modularity providing great
398potential for improving our understanding of the interconnected
399 f3nature of Anthropocene systems5 (see Figure 3). Indeed, the
400coevolutionary ecological strategies already mentioned (mu-
401tualistic, commensal, competitive, and antagonistic)88 are
402essentially the same as the coevolutionary human strategies
403(cooperation, codependence, collaboration, and competition).
404Furthermore, these ecological and human strategies are
405essentially equivalent to archetypal cellular strategies, providing
406persuasive evidence for the cell as the mechanistic basis for the
407evolution of life.74,102,103

3.2. The Realms of Life on Earth

408Human initiatives to address societal challenges of the
409Anthropocene will require coordinated strategic interven-
410tions106 across multiple systems and scales,107 but a more
411holistic framing is needed. The best way to understand a system
412of coevolved Anthropocene systems is to characterize the
413evolutionary mechanisms that caused their form, function, and
414resulting behavior to evolve. Although developed while focusing
415on human consciousness, LeDoux’s four realms of existence105

416provide a coherent evolutionary context for our approach to
417these challenges and can be summarized as follows: The
418biological realm spans all biology, including plants, fungi, and
419animals, as shown in Figure 3. The neurobiological realm is
420facilitated by nervous systems, which evolved in all animals,
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421 enabling control of their bodies with speed and precision that is
422 not possible in other forms of life. Some animals with nervous
423 systems have a cognitive realm, enabling the use of mental
424 models to control a wide range of behaviors. Finally, the
425 conscious realm enables inner experiences of, and thoughts
426 about, the world. These realms105 are hierarchical, nested, and

f4 427 highly interdependent (see Figures 3 and 4) and can be
428 extended to include a geophysical realm, with coevolved
429 geophysical systems providing the foundation for the emergence
430 and subsequent coevolution of life on Earth.5

431 Building on Romer’s conceptualization of the human nervous
432 system,108 LeDoux proposed105 that interactions of the body

433with the external world (also referred to as exteroception109) are
434handled by a somatic nervous system, while internal bodily
435functions (also referred to as interoception109) are serviced by a
436visceral nervous system. This elevates the somatic and visceral
437nervous systems to a primary level and makes the central and
438peripheral locations of their neural tissues secondary. From an
439evolutionary perspective, this makes more sense because the
440central and peripheral nervous systems are not the targets of
441evolutionary selection. Instead, the targets were the modular
442components that performed visceral and somatic functions for
443the organism.105 Indeed, the somatic and visceral realms did not
444start with animals but exist in all organisms (including plants,
445fungi, and animals), having begun with our unicellular
446prokaryotic ancestors and having evolved through unicellular
447and multicellular eukaryotes,105 as shown in Figure 3. This
448means that the visceral and somatic functions of the primordial
449biological realm were carried forward into the current biological
450realm and have also been carried forward into the current
451neurobiological, cognitive, and conscious realms as animals
452evolved and diversified.105

453LeDoux allocates various behavioral control processes105 as
454shown in Figure 4. The neurobiological realm includes
455noncognitive and nonconscious behavioral control (reflexes,
456instincts, Pavlovian-conditioned responses, and habits). The
457cognitive realm includes cognitive but not conscious behavioral
458control (nonconscious working memory, nonconscious delib-
459eration, nonconscious inferential reasoning, and nonconscious
460intuition). The conscious realm includes cognitive and
461conscious behavioral control (conscious working memory,
462conscious deliberation, and conscious inferential reasoning).
463Collectively, this amounts to extending the two systems
464associated with thinking fast and slow110 to three systems.105

465Most importantly, however, the realms encapsulate all life on
466Earth, including humans. Although there remains considerable
467debate about current theories of consciousness,111,112 LeDoux
468outlined a theory of consciousness for humans that is consistent
469with the proposed realms.105 Given that the realms include all
470life on Earth, the potential exists to include consciousness
471beyond the human case,113 although the diagrammay need to be
472revised to recognize cognition in plants and fungi.78,114

Figure 3. Evolutionary tree of life, modified from,104 with time shown in
units of billions of years ago (Gya). The four images on the bottom right
provide a simplified representation, modified from,105 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.

Figure 4.Realms of life on Earth, modified from.105 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 organs, cells,
organelles, genes, and molecules.
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3.3. Anthropocene Systems Are Modular and Hierarchical
473 Modularity is a focus of research across multiple disciplines,
474 including genetics, developmental biology, functional morphol-
475 ogy, population biology, and evolutionary biology115 as well as
476 biological, neural, social, linguistic, and electronic networks.116

477 Although modularity is generally recognized as a fundamental
478 feature of all organisms, with profound consequences for
479 evolution,115 the concept of modularity clearly depends on the
480 context in which it is used. Our intention is to use evolved
481 modularity to reveal the causally coherent and hierarchi-
482 cal117−120 mechanisms that gave rise to our globally connected
483 system of Anthropocene systems.
484 3.3.1. Phylogenetic Refinement.Given the importance of
485 the neurobiological, cognitive, and conscious realms of life (see
486 Figure 4), and the role these play in facilitating how humans
487 both cause and potentially address societal challenges of the
488 Anthropocene, an essential aspect of the evolutionary
489 perspective is chronicling the morphological and functional
490 modifications to the brain, and the behavioral modifications they
491 enabled.104,121 Focusing for now on the evolution of the brain in
492 the human lineage, cumulative additions to adaptive behavior
493 included steering (or taxis navigation) in early bilaterians,
494 reinforcing (or model-free reinforcement learning) in early
495 vertebrates, simulating (ormodel-based reinforcement learning)
496 in early mammals, mentalizing (involving the use of mental
497 models) in early primates, and speaking (or rhythmic semantic
498 processing) in humans.104,121 This theory of phylogenetic
499 refinement122 can be used to explain the progressive complex-
500 ification of brains and the evolved adaptive behavior as the
501 consequence of evolutionary refinement from more basic
502 building blocks. In other words, prior innovations impose
503 constraints on future innovations, meaning that the evolutionary
504 design of biological systems is highly path-dependent. It should
505 be possible to gain similar insights into the form, function, and
506 resulting behavior of the coevolved ensemble of Anthropocene
507 systems, revealing how the realms of life (see Figures 3 and 4)
508 became increasingly complex and interconnected.5

509 3.3.2. Biological and Physiological Circuits. An addi-
510 tional closely related evolutionary insight helps merge our
511 understanding of coevolving Anthropocene systems with
512 biological circuits in systems biology123 and physiological
513 circuits in systems medicine,124 integrating the deep evolu-
514 tionary mechanisms that coherently connect all life on Earth.74

515 The archetypal cellular capacities of cooperation, codepend-
516 ence, collaboration, and competition74,102,103 began in the
517 primordial biological realm and have been carried forward by
518 coevolution into the current biological, neurobiological,
519 cognitive, and conscious realms.105 Similarly, biological and
520 physiological circuits involve networks that can be separated
521 into modular units that perform almost independently.125 These
522 network motifs125−127 are modular building blocks of the
523 biological circuits of systems biology123 and the physiological
524 circuits of systems medicine.124 Network motifs, which are also
525 referred to as circuit motifs,124,128,129 are basic interaction
526 patterns that recur much more often than in random networks.
527 Network motifs are not randomly distributed in real networks
528 but are combined in ways that maintain autonomy and generate
529 emergent properties.116 The same small set of network motifs
530 appears to serve as the building blocks of transcription networks
531 from bacteria to mammals, with specific network motifs also
532 found in signal transduction networks, neural networks, and
533 other biological networks.123,124 Each networkmotif can serve as
534 an elementary circuit with a defined function, including filters,

535pulse generators, response accelerators, and temporal pattern
536generators.123,124 Evolution appears to have converged on the
537same motifs, perhaps because they are the simplest and most
538robust circuits that perform these information-processing
539functions.123,124 These modular building blocks are presumed
540to have evolved in response to adaptation over evolutionary time
541scales130 resulting in organisms that are highly evolvable and
542capable of adapting quickly to new goals in coevolving ecological
543niches.
544There is a wide range of biological systems interacting across a
545range of scales, which are used to process information, make
546decisions, and achieve specific goals of living organisms.131

547These modular and hierarchical systems include chemical
548networks,132 neural networks, physiological circuits, individual
549organisms, and groups of individual organisms within
550communities.131 Evolution has resulted in the progressive
551selection of existing and novel mechanisms across goal-oriented
552spaces, enabling adaptive migration toward specific goals in
553metabolic, physiological, transcriptional, morphological, and
554behavioral spaces.133 Morphological changes involve complex,
555multiscale feedback mechanisms that influence behavior in ways
556not directly encoded by genes.81,133 Because of this,134 we need
557to move away from considering causes acting at a single site
558within an organism, instigating changes in a linear pathway, and
559instead focus on understanding the behavior of the larger
560interconnected system of systems. Similarly, we need to shift
561from studying molecular events to studying systemic patterns,
562which can lead to a shift from medicines that briefly control a
563single target to treatments that impose constraints onmany parts
564of the organism, sustained over time.134 Despite the general
565awareness of redundancy and homeostatic control circuits, we
566need a better understanding of the corrective, self-organizing
567processes that reliably reach complex, systemic goals.134

568The similarity of network motifs in transcription networks
569(nanometer-sized molecules interacting on a time scale of
570hours) and neural networks (micrometer-sized cells interacting
571on a time scale of less than seconds) is revealing.123 While
572neurons process information between sensory neurons and
573motor neurons, transcription networks process information
574between transcription factors that receive signals and genes that
575act in the inner or outer environment of the cell. This similarity
576in function suggests that evolution converged on similar network
577motifs in both networks to perform important information-
578processing tasks.123 Indeed, this evolved modularity is found at
579all scales of biological organization, including multicellular
580organisms, organs, unicellular organisms, cells, organelles, genes,
581and molecules.123

582The power of this approach is revealed in Alon’s Periodic
583Table of Diseases.124 Using the periodic table as a metaphor, cell
584types can be classified by both abundance and turnover. This
585enables a range of diseases (degenerative, progressive fibrotic,
586autoimmune, toxic adenoma, immune hypersensitivity, and
587tumor prevalence) to be classified according to organ and cell
588type.124 The resulting table shows six broad patterns aligned
589with six classes of disease. Most interesting, however, is the fact
590that each class of disease in the table corresponds to a specific
591circuit motif.124 In addition, the patterns in the table are also
592relevant from the point of view of age of onset, disease
593prevalence, and current treatments, as well as suggesting
594potential future treatments.124

5953.3.3. Visceral and Somatic Realms. Evolutionary
596mechanisms gave rise to our system of Anthropocene systems.
597The resulting globally connected meta-ecosystem has causally
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598 coherent mechanisms that span a vast range of scales, starting at
599 the global scale and essentially going “all the way down.” These
600 scales can be identified in different ways, but we can start with
601 global, regional, urban, and local scales, as shown in Figure 1. In
602 addition, the requirement to sustainably balance the health of
603 humans, animals, and ecosystems includes all life on Earth. As
604 shown in Figure 3, living organisms are either unicellular
605 prokaryotes, unicellular eukaryotes, simple multicellular eukar-
606 yotes, or complex multicellular eukaryotes. The relevant scales
607 of interest therefore extend down into these living organisms,
608 including organs, cells, organelles, genes, and molecules for
609 complex multicellular eukaryotes; cells, organelles, genes, and
610 molecules for simple multicellular eukaryotes; organelles, genes,
611 and molecules for unicellular eukaryotes; and genes and
612 molecules for unicellular prokaryotes. Encouragingly, the
613 conceptual distinctions between the science of the brain and
614 the body are increasingly being erased, with considerable
615 opportunity for unification into a single conceptual frame-
616 work.133 As previously emphasized, the integrated processing
617 associated with cognition is focused both internally on the
618 visceral realm and externally on the somatic realm (see Figure
619 4). This provides a useful conceptual boundary to manage the
620 complexity associated with the vast range of scales in our system
621 of Anthropocene systems.
622 The examples of primary Anthropocene systems we have
623 chosen to identify (summarized in Figure 2) will need to be
624 extended and refined as the evoSoS paradigm is developed, but
625 they can, in principle, be applied across global, regional, urban,
626 and local scales, with individual organisms forming communities
627 and meta-ecosystems. This range of scales is likely the limit for
628 externally oriented conceptual models and an associated
629 computational framework (see Section 4). However, the
630 causally coherent cross-scale mechanisms can be extended
631 down into individual organisms by connecting with evolutionary

632systems biology and systems medicine, which are already
633embrac ing c ro s s - s c a l e s y s t ems -o r i en t ed f r ame -
634works.123,124,133,135−137 In this way, internally oriented con-
635ceptual models and an associated computational framework
636could be created, building on current knowledge in evolutionary
637systems biology, network biology, biomedical engineering, and
638systems medicine. Interactions between the internally oriented
639(visceral) and externally oriented (somatic) realms would be
640orchestrated primarily through the common cognitive system
641(see Figure 4). As will be emphasized in Section 4, effective
642communication between these two realms may only be possible
643if a common language and reconciled ontology are used for both.

4. A SYSTEM-OF-SYSTEMS PERSPECTIVE
644We have used an evolutionary perspective to outline a
645theoretical framework that can help us identify and decompose
646the system of Anthropocene systems, but we still need to create
647conceptual models and computational frameworks that can help
648us characterize and converge (or reintegrate) the system of
649Anthropocene systems. Using a system-of-systems perspective
650means that we can take advantage of decades of fundamental
651advances in systems engineering, which has traditionally focused
652on sociotechnical systems, including human systems integra-
653tion,138 to help address societal challenges of the Anthro-
654pocene.27 In particular, model-based systems engineering
655(MBSE),139,140 the systems modeling language (SysML)141

656and heterofunctional graph theory (HFGT)142,143 collectively
657provide a potentially powerful methodology to address these
658complex challenges. MBSE has evolved as a generic approach to
659realize a wide range of modeling systems139 and is designed to
660handle systems of substantial scale and complexity. In the
661following sections, we briefly review conceptual models,
662modeling languages, ontologies, system architecture, and

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.
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663 heterofunctional graph theory from a system-of-systems
664 perspective.

4.1. Conceptual Model, Modeling Language, and Ontology

665 Briefly, a conceptual model144,145 of an Anthropocene system of
666 interest (with examples in Figure 2) has a purpose, a boundary,
667 and system elements that interact with one another across well-
668 defined interfaces, creating system form and function. The
669 boundary defines the scope of the system and can be either
670 physical or conceptual. The system and the elements have well-
671 defined attributes, requirements, and constraints. The attributes
672 include functions, which, together with the system form, create
673 the behavior of the system. Stakeholders have an interest in the
674 system but are outside the boundary of the system of interest.
675 There may be other enabling systems that also lie outside the
676 boundary of the system of interest, interacting with the system of
677 interest through well-defined interfaces at the system boundary.
678 Systems that are hierarchical are also possible, where system
679 elements can be aggregated (zooming out) or disaggregated
680 (zooming in). Finally, a system of systems can be created in
681 which the system elements of the system of interest are
682 themselves systems.
683 The need for a system-of-systems perspective arises because
684 of problems with complexity (e.g., when complexity is not
685 identified and therefore cannot be managed or controlled),
686 communication (e.g., when communication fails or is
687 ambiguous), and understanding (e.g., when different points of
688 view are not taken into account and incorrect assumptions are
689 made), with the three problems collectively compounding one
690 another.139 When developing a model of an Anthropocene
691 system, one of the main approaches to improve communication
692 (which occurs among the people, organizations, and stake-
693 holders who develop and use a model, as well as between and
694 within systems and system elements) is to use a common
695 language.139 In fact, MBSE uses a combined spoken and visual
696 common language (the systems modeling language, or SysML)
697 as well as multiple domain- or discipline-specific languages, all of
698 which need to be managed as effectively as possible. For
699 example, SysML can be thought of as a dialect of the unified
700 modeling language139 which was created to manage communi-

f5 701 cation in complex software systems. As emphasized in Figure 5,
702 the combined semantic and graphical nature of SysML is very
703 useful when attempting to simultaneously improve communi-
704 cation and reconcile the vast array of domain- or discipline-
705 specific ontologies in a system of Anthropocene systems.
706 From a systems engineering perspective, an ontology can be
707 thought of as a formal, explicit specification of a shared domain
708 conceptualization146 describing the relationship between reality
709 (the knowledge domain), the understanding of reality (the
710 domain conceptualization), and the description of reality (using
711 a language). Ontologies can make the form and function of
712 systems and their elements explicit and can help stakeholders
713 better understand the complexities inherent in large systems.146

714 A conceptual model145 of a system of systems needs a well-
715 defined foundational, universal, general, necessary, and sufficient
716 ontology that renders concepts and terms precise and
717 unambiguous.146 Ontologies avoid ambiguity and provide an
718 accepted and consistent vocabulary, facilitating semantic
719 interoperability among humans as well as between humans
720 and computers.146

721 Now consider the convergence challenge associated with a
722 system of heterogeneous Anthropocene systems,142 each with its
723 own domain conceptualization and associated language and

724ontology. First, humans are typically trained in a single domain
725conceptualization rather than multiple domain conceptualiza-
726tions. Indeed, it is doubtful that a single human�or even
727many�has sufficient knowledge of multiple domains. A group
728of individuals, each with their own individual domain
729conceptualization, must therefore collaborate and reach agree-
730ment on the integration of multiple domain conceptualizations.
731They immediately find that each domain conceptualization
732comes with its associated language, and a language of languages
733emerges. Because each of these languages was developed
734independently to address the needs of its associated domain, a
735common, convergent understanding among languages is difficult
736to achieve. It is possible that the language of languages develops
737a translation capability between each of the languages for each
738domain, but this does not scale when there are N domains that
739require N(N − 1) translators between N languages (e.g., 90
740translators are needed for 10 systems). The only alternative is to
741invest in the development of a language that reconciles the
742individual languages into a single common language. For these
743reasons, HFGT adopts a single common language (SysML) that
744serves as a language of languages. For a system of systems, this
745requires instantiated, reference, and meta-architectures.

4.2. System Architecture

746System architecture generally consists of three parts: the
747structural architecture (i.e., form), the functional architecture
748(i.e., function), and the mapping of function onto form in a
749system concept or allocated architecture. The structural
750architecture is a description of the decomposed elements of
751the system, without any specification of the performance
752characteristics of the system resources that comprise each
753element. The functional architecture is a description of the
754system processes in a solution-neutral way, structured in serial or
755parallel, and potentially in hierarchical arrangements. The
756system concept, which is a mapping of the functional
757architecture onto the structural architecture, completes the
758system architecture.
759An instantiated system architecture is a case-specific
760architecture that represents a real-world scenario. At this level,
761the structural architecture consists of a set of instantiated system
762resources, and the functional architecture consists of a set of
763instantiated system processes. The mapping in the system
764concept defines which resources perform which processes.
765The reference architecture generalizes instantiated system
766architectures. Instead of using individual instances as elements
767of the structural and functional architecture, the reference
768architecture is expressed in terms of domain-specific classes of
769these instances. In this way, the reference architecture captures
770the essence of existing instantiated architectures. It also provides
771a vision of future needs that can provide guidance for developing
772new instantiated system architectures. Such a reference
773architecture facilitates a shared understanding across multiple
774disciplines or organizations of the current architecture and its
775future evolution. A reference architecture is based on concepts
776proven in practice. Most often, preceding architectures are
777mined for these proven concepts. The reference architecture,
778therefore, generalizes instantiated system architectures to define
779an architecture that is generally applicable in a discipline or
780knowledge domain. However, the reference architecture does
781not generalize beyond domain conceptualization.
782The meta-architecture further generalizes reference architec-
783tures. Instead of domain-specific elements, it is expressed in
784terms of domain-neutral classes. A reference architecture is
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785 composed of primitive elements that generalize the domain-
786 specific functional and structural elements into domain-neutral
787 equivalents. While no single engineering system meta-
788 architecture has been developed for all purposes, several
789 modeling methodologies have been developed that span several
790 discipline-specific domains. In the design of dynamic systems,
791 bond graphs147 and linear graphs148 use generalized capacitors,
792 resistors, inductors, gyrators, and transformers as primitive
793 elements. In system dynamics, stocks and flows are used as
794 primitives,149 while in graph theory150,151 nodes and edges are
795 used as primitive elements. Each of these domains has its own set
796 of applications. However, their sufficiency must ultimately be
797 tested by an ontological analysis of soundness, completeness,
798 lucidity, and laconicity (for more detail, see ref. 142).
799 Heterofunctional graph theory utilizes its ownmeta-architecture
800 that has been shown to generalize linear graphs, bond graphs,
801 formal graph theory, system dynamics, hydrologic systems, and
802 economic input-output systems.143,152−156 Given the impor-
803 tance of ontological clarity, HFGT takes special care in the
804 translation of this meta-architecture from its description in
805 SysML141 to its mathematical and computational representa-
806 tions, as shown in Figure 5.

4.3. Hetero-Functional Graph Theory

807 HFGT142,143 is a fusion of network science (including formal
808 graph theory andmultilayer networks) andMBSE. Graph theory
809 focuses primarily on an abstract model of a system’s form,
810 neglecting an explicit description of a system’s function. For
811 example, in a formal graph with nodes and edges, nodes typically
812 represent locations, while edges represent connections between
813 nodes. The nodes and edges in a formal graph are described by
814 nouns. Because many complex systems include multiple
815 elements with several layers of connectivity, formal graphs are
816 frequently scaled up to create multilayer networks (e.g., ref.
817 157). In either case, operands (which include matter, energy,
818 information, and individual organisms) can be used to connect
819 the edges and the nodes. In real-world Anthropocene systems,
820 however, operands are subject to both transport and trans-
821 formation processes as they move between nodes. HFGT

822overcomes the limitations of formal graphs and multilayer
823networks (for example, it has been shown that HFGT
824overcomes eight previously identified modeling constraints in
825multilayer networks142,158), enabling the inclusion of nouns and
826verb phrases that are needed to describe system form and
827function.
828 f6Figure 6 represents the meta-architecture for HFGT ex-
829pressed in SysML. A reference architecture describes all the
830potential system capabilities, while an instantiated version of this
831reference architecture includes multiple operands, capabilities,
832buffers, system resources, and system processes. As shown in
833Figure 6, HFGTmakes the connection to the common language
834explicit through a set of system resources as subjects, a set of
835system processes as predicates, and a set of operands as their
836constituent objects. In this way, system processes can be
837allocated to system resources to create subject + verb + object
838sentences called system capabilities. As a result, SysML and
839HFGT together create a common language and computational
840framework, providing the means to produce an ontologically
841coherent computational model. The abstract nature of the meta-
842architecture is highly extensible, meaning that new operands,
843new resources, and new processes can be added as required. In
844addition, HFGT is highly scalable, meaning that elements of the
845reference architecture can be instantiated as many times as
846needed.
847HFGT can be used to conduct analyses of system form as well
848as simulations of system behavior.142,158−165 HFGT has already
849demonstrated its relevance to convergent Anthropocene
850systems, with results in electric power, water distribution,
851natural gas, oil, coal, hydrogen, transportation, manufacturing,
852and healthcare systems.142,160−165 Perhaps more importantly, it
853has been used for combinations of these systems, such as the
854American Multi-Modal Energy System,166 which is a system of
855systems comprised of four separate but interdependent
856infrastructure enterprises. HFGT can model an arbitrary
857number of systems of arbitrary size and topology connected to
858each other in an arbitrary manner.142 In essence, HFGT begins
859with a generic meta-architecture (Figure 6) that is independent
860of any system and then uses this to create a computational model

Figure 6.Heterofunctional graph theory (HFGT)meta-architecture142 represented using the systemsmodeling language (SysML). The HFGTmeta-
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). Lines between the blocks indicate various
associations that define structural relationships and visually represent how system elements are connected or composed.141
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861 of a specific system, which is hierarchical, extensible, and
862 scalable.

5. AN EVOLUTIONARY, SYSTEM-OF-SYSTEMS,
863 CONVERGENCE PARADIGM
864 To simultaneously address One Earth and One Health, the
865 evoSoS convergence paradigm requires that evolutionary
866 scientists, behavioral scientists, natural scientists, health
867 scientists, systems scientists, and engineers systematically
868 identify, decompose, characterize, and then converge the nested,
869 evolutionary ensemble of geophysical, biophysical, sociocultural,
870 and sociotechnical systems. Here, we briefly describe the five
871 primary elements of the paradigm (theoretical framework,
872 conceptual models, computational frameworks, decision-sup-

f7 873 port system, and educational pedagogy), as shown in Figure 7.

5.1. Theoretical Framework
874 The first primary element is a causally coherent, scientifically
875 falsifiable theoretical framework characterizing a system of
876 Anthropocene systems within a planetary-scale meta-ecosystem.
877 The framework includes individual organisms engaging in niche
878 construction in a globally connected meta-ecosystem. Living
879 organisms that can be represented include unicellular
880 prokaryotes, unicellular eukaryotes, simple multicellular eukar-
881 yotes, and complex multicellular eukaryotes, essentially
882 spanning all life on Earth, including plants, fungi, and animals
883 (Figure 3). The framework is based on the geophysical,
884 biological, neurobiological, cognitive, and conscious realms of
885 life, integrating the deep evolutionary mechanisms of all

886Anthropocene systems. The causally coherent, cross-scale
887mechanisms can be applied at global, regional, urban, and
888local scales in the somatic realm but can also be extended down
889into individual organisms at scales that include organs, cells,
890organelles, genes, and molecules in the visceral realm (Figure 4).
891A theoretical evolutionary framework, founded on an
892understanding of how Anthropocene systems coevolved and
893became increasingly interconnected, is crucially important when
894relating Anthropocene systems to human cognition, communi-
895cation, and the resulting human behavior.92 This is because it
896was the evolution of the human brain,121,167 combined with the
897evolution of culture and technology, that drove the evolution of
898the Anthropocene. The way we think, the way we communicate,
899and the way we make decisions and transform decisions into
900behavior all influence, and are influenced by, the coevolving
901geophysical, biophysical, sociocultural, and sociotechnical
902systems in which our lives are entwined.5 An Earth-system-
903based approach that holistically accounts for system-wide
904human−environment interactions3 must ultimately include all
905Anthropocene systems, from the global scale down to molecules
906in individual organisms.4

5.2. Conceptual Models

907The second primary element comprises cross-scale, modular,
908hierarchical, dynamic, and conceptual models of the Anthro-
909pocene systems that are based on a common language and that
910reconcile disciplinary ontologies. The theoretical framework can
911be translated into conceptual models that characterize the form
912and function of the entire system of Anthropocene systems.
913Developing causally coherent models with well-established
914mechanisms is the most reliable way168−170 to improve our
915understanding of meta-ecosystems that span multiple scales.
916The models should also be hierarchically coherent, but this is
917facilitated by the evolved nature of Anthropocene systems (e.g.,
918see refs. 171,172 and Figure 3). As shown in Figure 7, the evoSoS
919convergence paradigm can accommodate mechanistic “white
920box” models, theory-guided, machine learning “grey box”
921models, as well as machine learning “black box” models, with
922the potential to move from black box to grey box to white box
923models as mechanistic understanding is gained (e.g., see ref.
924155). Although SysML, which was designed for sociotechnical
925systems including human systems integration,138 is proposed as
926the common visual and spoken language for the conceptual
927models, it may need to be retooled for some Anthropocene
928systems.27 For example, integrating SysML with existing
929standards such as SBML (the systems biology markup
930language)173 may be of value.

5.3. Computational Frameworks

931The third primary element comprises common computational
932frameworks that build directly on the conceptual models and
933that are agile, extensible, and scalable. We currently envision two
934interoperable computational frameworks (one for the somatic
935realm and one for the visceral realm, as described in Section 3)
936that can be applied at the relevant scales of interest within each
937realm. SysML is used to create ontologically coherent
938conceptual models using common spoken and visual language,
939while HFGT builds directly on the conceptual models,
940providing the means to produce ontologically coherent
941computational models. Within the conceptual models and
942associated computational frameworks, the operands that are
943subject to transport and transformation processes can include
944matter, energy, information, and individual organisms. As a
945result, we can, in principle, develop models of an ensemble of

Figure 7. Schematic representation of an agile, evolutionary, system-of-
systems convergence paradigm for holistically framing and addressing
One Earth, One Health, and the associated interdependent societal
challenges of the Anthropocene.
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946 geophysical, biophysical, sociocultural, and sociotechnical
947 systems that include niche construction in meta-ecosystems
948 and that can be instantiated at the various scales of interest in the
949 somatic and visceral realms.
950 MBSE,27 SysML,141 and HFGT142 provide a potentially
951 powerful way to frame and address complex societal challenges.
952 As shown in Figure 5, the methodology first translates real-world
953 Anthropocene systems into SysML to integrate and reconcile
954 ontologies141 and then uses HFGT142,143 to algorithmically
955 traverse the gap from the graphical SysML model to the
956 associated mathematical model, and ultimately to the computa-
957 tional model. HFGT is especially helpful, as it can be used to
958 coherently span spatial and temporal scales. Models that are
959 based on mass and energy balances (which is often the case for
960 geophysical systems, and the technical subsystems of socio-
961 technical systems) are well-suited for spanning spatial scales
962 with HFGT.155

5.4. Decision-Support System

963 The fourth primary element is a coherent decision-support
964 system used to interact with the conceptual models and
965 computational frameworks, enabling effective integration of a
966 wide range of stakeholder perspectives spanning multiple scales
967 and organizational levels.
968 Developers of decision-support systems face stakeholder-
969 oriented, model-oriented, and system-oriented issues, with a
970 recent review174 providing recommendations on how to build
971 them. Approaches include stakeholder engagement and
972 participatory modeling, constructing future scenarios while
973 balancing synergies and trade-offs across multiple systems, and
974 supporting decision-making under deep uncertainty.41,175,176 An
975 evoSoS decision-support system must provide salient insights
976 about interventions and scenarios in a manner that aligns with
977 stakeholder affect and cognition.177 When possible, computa-
978 tional results should be visualized to support graphical
979 storytelling so that real-world insights are gained easily and
980 decisions are made effectively.
981 Recent work on strategic environmental crisis management
982 offers guidelines for the design of decision-support systems
983 capable of integrating knowledge on issues of high complexity
984 and uncertainty. The challenge is to address long-term path
985 dependencies while navigating urgent anthropogenic crises177

986 and decision-support systems should provide a platform for
987 egalitarian deliberations among experts and policymakers. The
988 agenda for the deliberations should be structured around
989 alternative futures that provoke the imagination and facilitate the
990 critical questioning of cognitive biases. Tools to enhance
991 imagination and questioning include audio-visual dashboards
992 that take the decision-makers to an imagined future, illustrate
993 the implications of the decisions considered,178 and facilitate
994 analysis of how strategic interventions can fail under plausible
995 disruption scenarios.
996 Societal challenges involving Anthropocene systems are
997 characterized by deep uncertainty, with many approaches to
998 decision-making that enable quantitative analyses and support
999 deliberation among multiple parties.179 These methods can be
1000 used to generally identify robust or low-regret management
1001 strategies that perform well across a wide range of uncertain
1002 conditions. From a holistic perspective, the goal should be to
1003 optimally manage both complexity and uncertainty.

5.5. Educational Pedagogy

1004 The fifth primary element is a comprehensive educational
1005 pedagogy designed to train a new generation24 of Anthropocene

1006System Integrators (including students, academics, practi-
1007tioners, and stakeholders) to develop and implement the
1008paradigm. We envision at least seven components to the evoSoS
1009pedagogy: (1) an introduction to the theoretical evolutionary
1010framework, including an overview of our “origin story” which
1011reveals the nested ensemble of geophysical, biophysical,
1012sociocultural, and sociotechnical systems;5 (2) a clear under-
1013standing of the causally coherent, cross-scale, conceptual models
1014of a system of Anthropocene systems; (3) convergent
1015Anthropocene-systems thinking as a translation from real-
1016world systems to SysML; (4) HFGT as a translation from
1017SysML to mathematical and computational models; (5) data
1018analytics, visualization, and machine learning; (6) stakeholder-
1019based decision-support systems; and (7) principles of
1020convergence,30 team science180 and good modeling prac-
1021tice.181−183

6. DEVELOPING AND IMPLEMENTING THE SOS AND
1022EVOSOS CONVERGENCE PARADIGMS
1023The system-of-systems convergence paradigm184 is being
1024developed and implemented with support from a National
1025Science Foundation Growing Convergence Research project
1026that focuses on three interdependent societal challenges
1027(agricultural impacts in the watershed, eutrophication of the
1028estuary, and regional economic growth) in the Chesapeake Bay
1029Watershed region (see Figure 7), focusing initially on three
1030interdependent systems (land-use, watershed, and estuary).
1031After expressing land-use and watershed models in SysML, we
1032are integrating them using HFGT.154,155 Unified continuity and
1033constitutive laws are applied across multiple model elements,
1034generating an extensible and scalable simulation structure that
1035integrates land-use segments, outlet points, river segments, and
1036the estuary.154,155We are adding an economic system156 and can
1037include other relevant systems as needed (e.g., see ref. 153). Our
1038decision-support system is based on SysML185 and will draw on
1039the HFGT computational framework to simulate scenarios of
1040interest and perceived trade-offs. We are developing our
1041educational pedagogy186 to train a new generation of
1042Anthropocene systems integrators, using SysML as the common
1043language and HFGT as the common computational framework.
1044Although the SoS convergence paradigm has been initiated,
1045further research on the theoretical evolutionary framework is
1046required, as described in Section 7. The combined evoSoS
1047convergence paradigm5,187 could then be tested by building on
1048the SoS convergence paradigm (i.e., Chesapeake BayWatershed
1049+ Baltimore, as shown in Figure 7), with the potential to examine
1050causally coherent strategic interventions across regional, urban,
1051and local scales by zooming into Baltimore. The approach could
1052then be extended to other regions with associated urban areas
1053(e.g., Colorado River Basin + Phoenix and Columbia River Basin
1054+ Portland, as shown in Figure 7) illustrating how the evoSoS
1055convergence paradigm can be used to facilitate the required
1056communication, coordination, capacity building, and collabo-
1057ration, and eventually scale to the global level with similarly
1058strategically selected regions around the world.

7. RESEARCH NEEDS
1059Humans have been addressing societal challenges since our
1060species evolved roughly 200,000 years ago. An important
1061difference now is that we are using scientific research to help us
1062address societal challenges that are far more complex than those
1063previously attempted. While this is an exciting opportunity for
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1064 research, the fragmented nature of the prevailing academic and
1065 scientific culture17 is arguably the biggest barrier that prevents us
1066 from using our rapidly accumulating collective knowledge more
1067 effectively.
1068 Holistically addressing One Earth and One Health requires
1069 communication, coordination, capacity building, and collabo-
1070 ration.6 However, these crucial requirements will be essentially
1071 impossible to achieve without a common language and
1072 reconciled ontology, a common conceptual model, and common
1073 computational frameworks. The proposed evoSoS convergence
1074 paradigm attempts to address these requirements. Although we
1075 again acknowledge the daunting and ambitious nature of the
1076 paradigm,5 and again emphasize that we seek neither to model
1077 everything nor to predict the future,5 holistically addressing the
1078 family of societal challenges can only begin with a broad
1079 overview of the entire knowledge domain, including all
1080 Anthropocene systems.
1081 The evoSoS convergence paradigm intends to address One
1082 Earth and One Health in a holistic fashion, requiring
1083 coordinated interventions across multiple systems and scales.
1084 However, as we change scale from global to regional to urban to
1085 local in the somatic realm and move from organs to cells to
1086 organelles to genes to molecules in the visceral realm, it should
1087 be clear that potential interventions are scale-dependent, with
1088 different intervention opportunities and transformation path-
1089 ways becoming accessible as we zoom in or out. We therefore
1090 need a causally coherent meta-ecosystem model that applies
1091 over the range of scales of interest. The model should also be
1092 hierarchically coherent, which is inherently facilitated by the
1093 evolved form and function of the Anthropocene systems.
1094 Unfortunately, we are not aware of any theoretical frameworks
1095 or conceptual models where coevolved systems are identified
1096 and decomposed from the larger system of Anthropocene
1097 systems and then coherently characterized in a way that will
1098 enable their convergence, clarifying the cross-scale causal
1099 connections among the various systems. Although the range of
1100 scales might ultimately be defined differently, starting with these
1101 specific scales means that individual organisms would be
1102 represented at the local scale, with One Earth focusing more
1103 on the somatic realm and One Health focusing more on the
1104 visceral realm, but remaining closely integrated, as shown in
1105 Figure 4.
1106 A major coordinated initiative is needed to develop cross-
1107 scale models of sociocultural systems and their causally coherent
1108 connections with other Anthropocene systems. While all causal
1109 influences are clearly not equally important, human behavior
1110 influences and is influenced by the globally connected system of
1111 Anthropocene systems. An outline of a more generic model of a
1112 sociocultural system is given in Section 3.1, with social dynamics
1113 that involve individuals, groups, and groups of groups, providing
1114 a way to scale these interacting systems coherently. Indeed, there
1115 is growing recognition that a complex systems approach is
1116 required to represent the multiscale, multidimensional,
1117 dynamic, and interacting nature of sociocultural systems (e.g.,
1118 see refs. 188,189). To be successful, however, we must overcome
1119 the fragmented nature of research on human behavior (e.g., see
1120 ref. 63) enabling a more coherent integration of sociocultural
1121 systems and their causally coherent connections with other
1122 Anthropocene systems (see Figure 2). Furthermore, the need to
1123 sustainably balance the health of humans, animals, and
1124 ecosystems means that we must overcome the fragmented
1125 nature of research on human, animal, and ecosystem behavior,

1126enabling a more coherent integration across the realms of life
1127(see Figure 4).
1128Fortuitously, network biology136 is currently focused on
1129gaining a comprehensive understanding of the entire cellular or
1130organismal interactome across different conditions and life
1131stages, including maps of every biological interaction in an
1132organism, frommolecules and genes up to tissues and organs. In
1133addition, the integration of network biology with other
1134disciplines provides a holistic understanding of life, connecting
1135the molecular interactome with tissue-level networks, organ
1136systems, as well as interorganismal interactions, such as those in
1137ecosystems.136 Furthermore, machine learning provides a
1138powerful tool for creating biological models with tunable
1139parameters that operate on structured data, with recent methods
1140designed to produce graph elements (e.g., nodes, edges,
1141subgraphs, and entire graphs) that capture essential information
1142about the topology of these elements.136 These developments in
1143network biology are promising because our proposed evoSoS
1144convergence paradigm overcomes many of the limitations of
1145multilayer networks (e.g., see refs. 190−192), as emphasized in
1146Section 4.
1147The required communication, coordination, capacity build-
1148ing, and collaboration will be facilitated by conceptual models,
1149which are cross-scale, modular, and hierarchical, as well as
1150computational frameworks, which are agile, extensible, and
1151scalable. However, we need new research programs that can
1152facilitate this much broader research agenda. For example,
1153national and global funding agencies could solicit research on
1154the best approaches to identify, decompose, characterize, and
1155then converge the system of Anthropocene systems. This would
1156enable the scientific evaluation of similar competing con-
1157vergence paradigms but could also enable the emergence of a
1158global community of practice (e.g., ref. 193) to develop
1159community models (e.g., refs. 193 and 194,195) for specific
1160Anthropocene systems that can be integrated into a wide range
1161of geophysical, biophysical, sociocultural, and sociotechnical
1162contexts. SysML can be used to create reference architectures for
1163multiple Anthropocene systems that are shared on open-science
1164platforms (e.g., the Open Modeling Foundation196,197) and
1165ultimately linked to a cloud-based computational environment
1166(e.g., the HFGT Toolbox159). Effective capacity building will
1167also require an agile approach,27,198 meaning that the develop-
1168ment and implementation of the evoSoS convergence paradigm
1169should take place in carefully planned iterations. We too often
1170invest in incremental approaches because they offer short-term
1171insight, without asking whether they lead to analytical dead ends.
1172The 50-year-old saying80 that “nothing in biologymakes sense
1173except in the light of evolution” has recently been extended to
1174both cultural evolution199 and cognition-based evolu-
1175tion.81,82,112 Although it now appears that nothing in the
1176Anthropocene makes sense except in the light of geological,
1177genetic, cultural, and technological evolution, it is humbling to
1178recall that 100 years ago Smuts200 proposed: “Holism... is the
1179principle which makes for the origin and progress of wholes in
1180the universe” and “Evolution is nothing but the gradual
1181development and stratification of a progressive series of wholes,
1182stretching from the inorganic beginnings to the highest levels of
1183spiritual creation.”
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(74)1518 Balusǩa, F. Cognitive Cells: From Cellular Senomic Spheres to
1519 Earth’s Biosphere. Biological Theory. 2025.

(75) 1520Aldrich, H. E.; Ruef, M.; Lippmann, S. Organizations Evolving;
1521Edward Elgar Publishing, 2020, pp. 384.

(76) 1522Arthur, W. B. The Nature of Technology - What It Is and How It
1523Evolves; Simon & Schuster, Inc.: New York, NY, 2009.

(77) 1524Renn, J. The Evolution of Knowledge - Rethinking Science for the
1525Anthropocene.; Princeton University Press: Princeton, NJ, 2020.
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1631 mechanisms contradict AI consciousness: The spaces between the
1632 notes. BioSystems 2025, 247, 105387.

(115)1633 Zelditch,M. L.; Goswami, A.What does modularity mean? Evol.
1634 Dev. 2021, 23 (5), 377−403.

(116)1635 Adler, M.; Medzhitov, R. Emergence of dynamic properties in
1636 network hypermotifs. Proc. Natl. Acad. Sci. U. S. A. 2022, 119 (32),
1637 No. e2204967119.

(117)1638 Wu, J.; David, J. L. A spatially explicit hierarchical approach to
1639 modeling complex ecological systems: theory and applications. Ecol.
1640 Model. 2002, 153 (1), 7−26.

(118)1641 Werner, B. T. Modeling Landforms as Self-Organized,
1642 Hierarchical Dynamical Systems. Predict. Geomorphol. 2013, 133−150.

(119)1643 Wu, J. Hierarchy Theory: An Overview, In Linking Ecology and
1644 Ethics for a Changing World: values, Philosophy, and Action; Dordrecht:
1645 Springer Netherlands, 2013; pp. 281−301.

(120)1646 De Domenico, M. Decoding the architecture of living systems.
1647 Rep. Prog. Phys. 2026, 89 (1), 014601.

(121)1648 Bennett, M. S. Five Breakthroughs: A First Approximation of
1649 Brain Evolution From Early Bilaterians to Humans. Front. Neuroanat.
1650 2021, 15, 693346.

(122)1651 Cisek, P. Resynthesizing behavior through phylogenetic
1652 refinement. Atten. Percept. Psychophys. 2019, 81 (7), 2265−2287.

(123)1653 Alon, U.. An introduction to systems biology: design principles of
1654 biological circuits; CRC Press: Boca Raton, 2020.

(124)1655 Alon, U. Systems medicine: physiological circuits and the dynamics
1656 of disease; CRC Press: Boca Raton, 2024.

(125) 1657Kashtan, N.; Alon, U. Spontaneous evolution of modularity and
1658network motifs. Proc. Natl. Acad. Sci. U. S. A. 2005, 102 (39), 13773−
165913778.

(126) 1660Alon, U. Network motifs: theory and experimental approaches.
1661Nat. Rev. Genet. 2007, 8 (6), 450−461.

(127) 1662Milo, R.; Shen-Orr, S.; Itzkovitz, S.; Kashtan, N.; Chklovskii, D.;
1663Alon, U. Network Motifs: Simple Building Blocks of Complex
1664Networks. Science 2002, 298 (5594), 824−827.

(128) 1665Braganza, O.; Beck, H. The Circuit Motif as a Conceptual Tool
1666for Multilevel Neuroscience. Trends Neurosci. 2018, 41 (3), 128−136.

(129) 1667Womelsdorf, T.; Valiante, T. A.; Sahin, N. T.; Miller, K. J.;
1668Tiesinga, P. Dynamic circuit motifs underlying rhythmic gain control,
1669gating and integration. Nat. Neurosci. 2014, 17 (8), 1031−1039.

(130) 1670Clune, J.; Mouret, J.-B.; Lipson, H. The evolutionary origins of
1671modularity. Proc. R. Soc. B 2013, 280 (1755), 20122863.
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