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Abstract
Collective integration and processing of information have increased through the history of life, through both the formation 
of aggregates in which the entities may have very different properties and which jointly coarse-grained environmental vari-
ables (ranging from widely varying metabolism in microbial consortia to the ecological diversity of species on reefs) and 
through collectives of similar entities (such as cells within an organism or social groups). Such increases have been implicated 
in significant transitions in the history of life, including aspects of the origin of life, the generation of pangenomes among 
microbes and microbial communities such as stromatolites, multicellularity and social insects. This contribution provides a 
preliminary overview of the dominant modes of collective information processing in the history of life, their phylogenetic 
distribution and extent of convergence, and the effects of new modes for integrating and acting upon information on the 
tempo of evolutionary change.

Keywords Evolutionary novelty · Major evolutionary transitions · Pangenome · Convergence

Introduction

Life has been characterized by the formation of distributed 
processes in which interacting entities, often of very dissimi-
lar nature, collectively integrate information and produce a 
coherent output. Such processes have been described among 
species within some ecosystems, such as reefs, among indi-
viduals within social groups and among differentiated cells 
within organisms, and even among similar (although not 
identical) cells within an organ such as the brain (Daniels 
et al. 2016). In the gene regulatory networks active during 
development (dGRNs), the developing organism, tissues and 
cells receive input about the external environment and the 
developing embryo process those inputs to affect the course 
of development. The lesser the stereotyped development (in 
other words, the greater phenotypic plasticity), the greater 
the influence environmental cues may have on the shape and 

development of the organism. Thus, developmental regula-
tion acts as a process of collective information processing 
for the organism. Information, whether ecological, environ-
mental, developmental or in some other forms, serves as the 
currency through which biological entities make inferences 
about the present and future. Paleontologists describe such 
processes as time-averaging but the concepts discussed here 
encompass variety of patterns and processes with a vari-
ety of terms depending upon the field and the analytical 
approach.

I will argue here that such distributed or collective infor-
mation processing has increased in extent and breadth 
through the history of life with the evolution of new organ-
isms and increases in patterns of integration and expansion 
in the mechanisms of gene regulation, among other pro-
cesses. Such biological processes have been broached in a 
variety of different contexts. Social dynamics have been a 
primary focus of studies of collective computation (Flack 
2012, 2017a; Hein et al. 2015), from quorum sensing in 
bacteria (Cornforth et al. 2014; Waters and Bassler 2005) to 
cumulative cultural evolution in humans (Boyd 2018; Smal-
dino and Richerson 2013). More broadly, however, similar 
ideas have been developed for studying neural circuits (Hop-
field and Tank 1986), physiological processes in plants (Peak 
et al. 2004) and the migration of neural crest cells during 
vertebrate development (Szabo and Mayor 2016).

This article is part of the Special Issue on Quantifying Collectivity.
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Given the range of genetic, developmental, ecological, 
social and cultural processes that incorporate some degree of 
distributed or collective information processing, it is hardly 
surprising that these phenomena have been studied in different 
ways by different disciplines. For example, niche construction 
focuses on the fitness effects of changes organisms make to 
their environment, while those interested in ecosystem engi-
neering have largely focused on the ecological impacts of 
similar activities. In this contribution, I will survey the range 
of distributed or collective information processing across the 
history of life and the context in which they have been studied. 
One view of evolution is that it is fundamentally a compu-
tational process (Bergstrom and Rosvall 2011; Flack 2017a; 
Valiant 2013) and one dimension of such a computational view 
of evolution is collective computation.

Collective computation is a mechanistic view of collective 
behaviors, initially focused on learning but which has been 
extended to incorporate a wider range of social, ecological and 
evolutionary processes (Daniels et al. 2016; Flack 2017a, b). 
Problems of distributed or collective information processing 
can be investigated as analyzing the solutions nature has found 
to two problems: how mapping of information is achieved 
and encoded, and how collective information is integrated to 
produce coherent output. Finally, a collective computation 
approach investigates the relationship between this output and 
the environment.

The growth of collective information processing has been 
a significant trend in the history of life. Whether collective 
computation is a useful perspective in understanding this trend 
depends largely on the questions one is seeking to answer. If 
the critical question of collectivity is how distributed processes 
comprising entities with differing and only partial correlated 
information in aggregate generate novel functions (Daniels 
et al. 2016), then specific questions for those interested in 
the history of life are how increases in collective information 
processing have arisen, whether they have been particularly 
associated with major episodes of novelty and innovation, 
whether these processes are unevenly concentrated across the 
tree of life and whether any have arisen convergently, and what 
impact the formation of new methods for integration and pro-
cessing has had upon the tempo(s) of evolutionary change. In 
this contribution, I begin by addressing the dominant modes, 
phylogenetic distribution and implication for the tempo of evo-
lution of distributed or collective information processing. In 
the discussion, I return to collective computation, and how this 
approach might provide a useful understanding of increased 
collectivity through the history of life.

Dominant modes of collectivity 
in the history of life

Here, I can only sketch the nature of integrative information 
gathering and processing in the history of life and provide 
limited examples. I find it useful to consider the enormous 
variety of such processes in two classes: aggregates of dis-
similar entities, such as microbial consortia, pangenomes 
and ecological communities, and collectives of similar enti-
ties, particularly in multicellular development. Many other 
aspects of the history of life also illustrate the extension of 
collective efforts, including the development of social and 
cultural strategies, but these will not be addressed here.

Aggregational modes

Throughout the history of life, aggregates of dissimilar enti-
ties have generated the ability to integrate disparate and par-
tial information sources to produce a coherent output, with 
some of the most potent examples coming from the behavior 
of microbes. Of the many examples that could be provided, 
I will highlight just three here: microbial consortia forming 
distinctive sedimentary structures known as stromatolites, 
the origin of the eukaryotic cell and sharing gene sequences. 
The coherent output of the collective differs in each exam-
ple, in illustrative ways.

Stromatolites are layered sedimentary structures formed 
by microbial assemblages and are the oldest visible evi-
dence of life on Earth at about 3.5 billion years ago (Gya) 
(Allwood et al. 2006). Perhaps surprisingly, as they are 
formed by diverse communities of microbes, stromatolites 
form a variety of distinctive macrostructures: domes, col-
umns and branching columns. At a finer level, the laminae 
within a stromatolite reflect microbial interactions with 
sediment. Living stromatolites show a layered structure 
with oxygen-producing phototrophs in the surficial layers. 
A sharp attenuation of light and oxygen with depth allows 
formation of layers of progressively more redox-restricted 
heterotrophic bacteria including sulfate reducers and other 
metabolisms (Grotzinger and Knoll 1999; Reid et al. 2003). 
Although stromatolites are not as widespread as they were 
a billion or more years ago, they occur today in restricted 
marine settings such as Shark Bay in Western Australia. The 
aggregate collective interaction of microbial communities 
with the environment generates the distinctive stromatolite 
morphologies.

If stromatolites represent the sedimentary products of 
microbial consortia jointly confronting the environment, 
symbiosis between cells can be seen as an extension of feed-
backs between organisms, where one microbial lineage takes 
up residence and contributes to a host cell. Symbioses form 
at many levels within cells and have played an important role 
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in facilitating metabolic diversity (with the chloroplast only 
the most prominent example) (Douglas 2014). The origin of 
eukaryotic cells was the most significant such event, combin-
ing an archeal host cell, probably related to the Asgard clade 
of archaea, and an α-proteobacteria which formed the mito-
chondria (Eme et al. 2017; Lopez-Garcia and Moreira 2015; 
McInerney et al. 2014). The origin of the eukaryotic cell 
appears to have been a singular event in evolution, albeit one 
with incredible consequences for the history of life. Eukary-
otic cells have greater internal complexity than bacterial or 
archaeal cells (the other two major clades of life), can reach 
larger sizes as a single cell and can generate a wide range 
of multicellular forms, including plants, animals and fungi.

Many microbes are capable of adapting rapidly to new 
conditions, and one of the techniques enabling this rapid 
evolution is the presence of a large suite of genes that are 
not present in every genome. The classic example is Escheri-
chia coli which has a core of 2085 genes found in upward 
of 95% of the 2085 genomes sampled. Individual genomes 
of E. coli have 4500–5000 genes, and the additional 2500 
or so genes beyond the conserved, core genome come from 
representatives of another 90,000 gene families composing 
the accessory genome (McInerney et al. 2017). Genes from 
the accessory genome are found in individuals depending 
on recent or existing environmental conditions. Pangenomes 
are not restricted to bacteria, but are found in eukaryotes as 
well. Through the accessory genome within a species and 
horizontal gene transfer (HGT), some estimates suggest that 
there may be an almost limitless supply of genes from which 
microbes can sample (Lapierrel and Gogarten 2009). Both 
the pangenome and HGT challenge the traditional ‘tree-
thinking’ of many biologists (McInerney et al. 2011), but 
more importantly they establish the capacity of many species 
to adapt to changing environmental conditions by integrat-
ing imperfect information about shifts in their environment 
and adjusting their genomic composition, and thus their 
phenotypic response, accordingly. (The term ‘pan-genome’ 
has also been applied to the combined genomes of host and 
microbial elements in a holobiont, but this is a very different 
meaning of the term.)

The most obvious biological aggregates are ecological 
assemblages, from microbial communities to tropical forests 
and coral reefs to the soil in your garden. The next section 
will discuss the ways in which individual species may be 
involved in collective ecological processes through niche 
construction and social interactions, but whether ecological 
assemblages and communities exhibit collective computa-
tional properties depends upon the nature of these assem-
blages. If they are largely random assortments of species 
responding to similar environmental conditions, then eco-
logical assemblages are less likely to exhibit the properties 
of collective computation. Some assemblages, however, 
may exhibit the collective integration of information and 

generation of coherent output that characterizes collective 
computation. This dichotomy roughly corresponds to the 
distinction between the individualistic, Gleasonian view of 
ecological communities versus the more tightly integrated 
Clementsian view familiar from any ecology textbook. 
Recent work in ecology has shown that ecological assem-
blages are more complex than the simple Gleasonian versus 
Clementsian dichotomy, with some more closely matching 
one and others more closely matching another. Theoretical 
studies of modularity and interconnectedness of ecosystems 
suggest that both attributes are likely to increase through 
time (Nordbotten et al. 2018) (at least between major biotic 
disturbances, which may reset ecosystem dynamics: Wagner 
et al. 2006). Here, I simply want to signpost the structure of 
ecological communities as a promising avenue for future 
explorations of collective computation.

Collective modes

Collective entities have probably figured throughout the 
history of life, but their extent and impact have expanded 
greatly over the past billion years with the origin and expan-
sion of clades with complex, differentiated multicellularity: 
animals, fungi and the green algae and land plants. Social 
interactions are found in many microbial clades and likely 
date back billions of years, but have also increased in scope 
with the diversification of a range of animals groups with 
social behavior. Social insects and various mammalian 
groups display a greater range of social behaviors than the 
animal clades that dominated the Paleozoic, for instance. 
Here, I briefly discuss four examples of collective activities: 
multicellular development, particularly in animals; the role 
of nervous systems in internal coordination versus external 
sensing; social cooperation; and niche construction. Many 
other collective modes could be studied and which likely 
have been important, including cellular collectives (Nandell 
et al. 2014), increased modularity (Melo et al. 2016; Wag-
ner et al. 2007), canalization and evolvability (Hallgrimsson 
et al. 2019; Pigliucci 2008; Wagner and Altenberg 1996) 
and evolution and learning (Watson et al. 2016; Watson and 
Szathmary 2016).

Multicellularity has evolved in dozens of different eukar-
yotic lineages, although only plants, fungi and animals have 
acquired highly differentiated cell types and complex devel-
opmental controls (Knoll 2011). The multicellularity guided 
by dGRNs is the type of multicellularity most commonly 
encountered, but life has effectively achieved specialization 
and division of labor via two other routes as well: effec-
tive multicellularity of microbial consortia (Shapiro 1988) 
and the various levels of endosymbiosis within eukaryotic 
cells (Delwiche 1999). The eukaryotic cell is most promi-
nent example of the importance of symbiosis, but each of 
these three strategies has required the evolution of means of 
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integrating information, enabling cooperation and manag-
ing conflict. These three strategies have also enabled greater 
complexity and varying degrees of independence from the 
environment.

Building from multi-functional single-celled ancestors 
(Arendt 2008), multicellular clades acquired the tools for 
complex spatial and temporal patterning of gene activity. 
No overall design or control of animal development exists, 
even in the genome. Rather, metazoan development involves 
interaction between the logical structure of regulatory inter-
actions encoded in the genome, the developing embryo and 
the environment. Multicellular patterning has been best 
studied in animals, where there are a number of examples 
of intensively studied gene regulatory networks (Peter and 
Davidson 2015). Davidson used a Boolean network approach 
to dGRNs, illustrating how the interactions between different 
components of the regulatory genome (transcription factors, 
enhancers, signaling pathways) generate regional pattern-
ing and cell specification. The Boolean approach has been 
validated experimentally (Peter et al. 2012) demonstrating 
the logical structure of regulatory patterning. The evolution 
of this control system involves elaboration and co-option of 
regulatory subcircuits as well as the expansion of the devel-
opmental networks (Erkenbrack and Davidson 2015; Erwin 
and Davidson 2009; Peter and Davidson 2017; Rebeiz et al. 
2015). Although we know that the complexity of develop-
mental processes expanded greatly with the origin and early 
evolution of Metazoa (Sebe-Pedros et al. 2016; Tweedt and 
Erwin 2015), with the growth of transcription factor fami-
lies (Schmitz et al. 2016) and regulatory RNAs (Morris and 
Mattick 2014), in most cases, there is too little comparative 
GRN data to provide a more detailed view of their evolu-
tion. One system in which there is considerable detail on the 
origin and elaboration of GRNs and the regulatory genome 
are animal nervous systems.

The role of animal nervous systems in sensing the exter-
nal environment, transmitting information and controlling 
responses is well known, and there is a voluminous litera-
ture on computation as a model for neural activity. Here, I 
am less concerned with neural activities in humans, or even 
mammals, than with the origin and early evolution of the 
nervous system (Arendt et al. 2016; Erwin 2015). Nervous 
systems play equally important roles in internal coordina-
tion within an organism. As Jékeley and colleagues have 
noted, coordinating muscle activity is not a simple task, and 
whether the external input–output function or internal con-
trol was the initial function of early nervous systems is unre-
solved (Jekely et al. 2015). They argue that the two models 
must (and can) be reconciled to understand how early ani-
mals controlled behavior, physiology and development. The 
origin, initial establishment and subsequent evolution of ani-
mal nervous systems has become an area of intensive interest 
over the past decade as comparative developmental studies 

with a broader range of organisms provide new insights. 
Because of this work, studies of neural circuit evolution pro-
vide considerable insight into the evolution of dGRNs and of 
collective modes of collective computation more generally. 
For example, Tosches (2017) identified six modes of neu-
ral circuit evolution, discussed the types of genes involved, 
the postulated developmental and regulatory mechanisms 
of activity and provided some specific examples. Because 
network evolvability is a critical issue for collective com-
putation, one conclusion from Tosches is of considerable 
relevance. She suggests that the topology of different neu-
ral circuits (modularity, feedback, connectivity and other 
properties) generates different functional properties, with 
only a portion of the possible changes to the circuit yielding 
viable outcomes. She concludes that there may be an inher-
ent bias imposed on circuit topology and its expression in 
the genome imposed by these limitations.

Much previous work on collective activities has focused 
on social cooperation, particularly in vertebrates (e.g., Flack 
2012), and social insects (Feinerman and Korman 2017), 
as well as flocking behavior and other forms of coordina-
tion (Couzin 2009; Hein et al. 2015). Social collective com-
putation has expanded with the diversification of placental 
mammals through the Cenozoic and with the expansion of 
various clades of eusocial insects since the Cretaceous. But 
collective activities are found across Eumetazoa. Coordi-
nated broadcast spawning occurs in many marine groups, 
from cnidarians to molluscs. The coordination of behaviors 
through stigmergy is often explained with ants, but applies 
equally to a variety of burrowing organisms which can be 
recorded as trace fossils (Plotnick 2003; Seilacher 1986). 
The burst of new burrowing behaviors which marks the 
appearance of animals in the fossil record (Jensen et al. 
2005) expresses increased behavioral complexity, often 
with overtones of interaction, across many marine clades. 
The evolution of neural circuits discussed in the previous 
paragraph will be relevant for the evolving possibility space 
for social cooperation, but this is an issue that awaits further 
exploration.

Although many biologists once viewed organisms as 
responding passively to environmental challenges, Darwin 
knew that this was not true: His final book was on earth-
worms (Darwin 1881). Many organisms actively construct 
their own niche, influencing their fitness and often that of 
other species. The construction of beaver dams is a classic 
example of niche construction (Odling-Smee et al. 2003) 
or ecosystem engineering (Jones et al. 1997). But effect of 
a single organism on its environment is generally limited. 
Rather, niche construction is the consequence of the col-
lective impact of organisms, often over many generations, 
on their environment. But collectively these activities can 
significantly impact physical, chemical and social or cul-
tural resources. Moreover, although the evidence remains 
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rudimentary, niche constructing activities may have been 
important in the Ediacaran–Cambrian diversification of ani-
mals (Erwin and Tweedt 2011) and seem to have increased 
over time (Erwin 2008). These largely impressionistic sur-
veys leave considerable room for more rigorous and quanti-
tative analysis of the history of niche construction through 
the Phanerozoic and its evolutionary impact.

Phylogenetic distribution of collective 
computation

Evolutionary biologists inevitably view almost any prob-
lem from a ‘tree-thinking’ perspective, evaluating the 
phylogenetic distribution of some feature and consider-
ing whether it could have arisen multiple times indepen-
dently (convergence). Convergence is a ubiquitous feature 
of evolution, but robust analysis of it requires considerable 
specificity. Insects, birds, bats all fly as did pterosaurs dur-
ing the Mesozoic, but the specific features of their wings 
and powered flight are unique to each clade, and thus, they 
cannot be considered to be convergent except in the gross-
est sense. Similarly, niche construction occurs in so many 
different ways that it is too broad a concept with which to 
evaluate convergence. More useful, for example, was the 
discovery of a Miocene whale in Peru, Odobenocetops, 
where the skull is highly convergent upon walruses (de 
Muizon 1993). Walruses are restricted to the Northern 
Hemisphere, but evidently grubbing through sediment 
with your tusks for bivalves was a sufficiently attractive 
way of making a living that this whale evolved the same 
adaptations. Specific types of niche construction (distur-
bance of the sediment as a feeding strategy for molluscs) 
can be associated with the evolution of specific clades. 
More broadly, nervous systems and the role of embodied 
cognition are specific to animals (even if there is some 
controversy over the number of times that nervous sys-
tems evolved). With some knowledge of the phylogenetic 
distribution of different types of collective activities, two 
further questions can be addressed: Was a particular mode 
evolutionarily unique, or sufficiently common that it was 
almost certain to evolve? And what impact did the appear-
ance of collective activities have on the clade which pos-
sessed it: Did it lead to diversification of species, greater 
ecological impact or improved performance?

These two questions are important tests of the impor-
tance of collectivity. If it provides significant advantages 
to clades, then we should expect those types of collectiv-
ity which are relatively difficult to acquire to be found 
in clades which, all other things being equal, are more 
successful than sister clades lacking them. Such tests are 
now a standard part of the repertoire of comparative phy-
logenetics. In contrast, aspects of collectivity which are 

more evolutionarily accessible, including many types of 
niche construction, colony formation and developmental 
modularity, among others, should be expected to have 
arisen independently in many different clades (although 
the specific implementations may be very different) and 
may often exhibit convergence.

In general, because aggregational forms of collectivity 
involve the assembly of different entities, they are more 
likely to arise independently in various circumstances 
through time and space. Thus, reefs, as means of localizing 
productivity in a high energy, often tropic environment, 
have arisen repeatedly over at least the past 2 billion years, 
but with great variety in the primary organisms responsi-
ble for forming the reefs, from microbes to sponges, bryo-
zoans, bivalves to the corals which dominate reefs today 
(Kiessling et al. 2010; Wood 1999). Many other ecological 
associations have similar properties, including microbial 
consortia. As discussed previously, the phylogenetic extent 
of pangenomes is currently unclear, but they represent a 
viable strategy to balance the drive for small genomes in 
individual microbes (to accelerate growth) with the need 
to maximize genetic variation for changing environmen-
tal conditions. The considerations outlined above would 
suggest that pangenomes are likely to have evolved many 
times among various microbial groups. There is an obvi-
ous exception to the generalization that aggregational col-
lectivity is likely to be relatively easy to acquire: the origin 
of the eukaryotic cell. There is no evidence that eukaryotes 
evolved more than once, although secondary and tertiary 
symbioses are widespread (Delwiche 1999).

The evolution of development is one area of collective 
modes where there is clear evidence of a phylogenetic sig-
nal both across eukaryotes and within Metazoa. As noted 
above, although multicellularity is found in many different 
eukaryotic clades, complex differentiation has appeared 
in only three clades. Taking either the number of differ-
entiated cell types or McShea’s more generalized metric 
of parts within parts (McShea 1991), these lineages have 
experienced increases in collectivity and in complexity 
both relative to other eukaryotic lineages and within each 
clade. Within Metazoa, the complexity of developmen-
tal processes has expanded considerably since the clades 
divergence from the closest living outgroups (choanoflag-
ellates and filastrians). Processes of regulatory control 
have expanded within Metazoa, including the development 
of distal enhancers (Sebe-Pedros et al. 2011), expansion of 
transcription factor families and signaling pathways (Deg-
nan et al. 2009; Sebe-Pedros and de Mendoza 2016) which 
increased the combinatorics possibilities of cis-regulatory 
gene regulation, and in the regulatory processes, they con-
trol (Davidson and Erwin 2010; Erwin and Davidson 2009; 
Rebeiz et al. 2015). Regulatory control via various small 
RNAs such as microRNA has also increased (Berezikov 
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2011). Expansions of the combinatorics complexity have 
also occurred within lineages, with perhaps the best-stud-
ied example being butterfly wing patterns, where enhancer 
shuffling and a modular design have enabled the genera-
tion of wide variation even within a single genus (Gompel 
et al. 2005; Van Belleghem et al. 2017).

Effects of collectivity on the tempo 
of evolutionary change

The extent of collectivity through the history of life raises 
the question of its impact on both the tempo and the mode 
of evolutionary dynamics. The second of these questions is 
the easier to answer, as collectivity is associated with sev-
eral of the major evolutionary transitions, each of which 
established new entities upon which selection can act.

The origin of the eukaryotic cell was one of eight events 
in the history of life which have been described as major 
evolutionary transitions (METs; Maynard Smith and Sza-
thmary 1995) and evolutionary transitions in individuality 
(Calcott and Sterelny 2011; Michod 1999). These events 
involve the formation of new evolutionary individuals via 
cooperation and integration of entities which were previ-
ously independent. Of the eight METs, the first three were 
concerned with the origin of life, while the others were 
the origin of the eukaryotic cell, origin of sex, sexual dif-
ferentiation, coloniality and the origin of human societies 
and language. In his review of Maynard Smith and Sza-
thmáry’s book, Queller suggested that some transitions 
were egalitarian, such as the origin of the eukaryotic cell 
where both entities continue to reproduce but divide tasks 
in the new entity, while others were fraternal, including 
cells in a multicellular organism or social insects (Queller 
1997). This egalitarian vs fraternal dichotomy roughly par-
allels the aggregational vs collective distinction used here. 
From the standpoint of collectivity, METs are noteworthy 
because the formation of new evolutionary individuals 
requires means to ensure cooperation and manage the con-
flict between previously distinct entities. But METs also 
generate opportunities. A promising avenue of future work 
would be exploring the role collectivity may have played 
in both facilitating the METs themselves, and in exploiting 
the new opportunities created. But to the extent that evo-
lutionary dynamics such as the METs influence modes of 
evolution, they will also impact the extent of collectivity. 
In cases such the origins of eukaryotes, multicellularity 
and language, three of the canonical METs, expansion of 
collectivity is inherently part of these transitions.

Canalization of development to buffer variability and 
ensure faithful growth is a clear example of collectivity 
across the developing embryo (Takahashi 2018). Evaluat-
ing the importance of this across evolutionary timescales 

is difficult, but as Webster has recently described, robust-
ness against developmental noise can be assessed in the 
fossil record by measuring the fluctuating asymmetry of 
bilaterally symmetrical organisms such as trilobites (Web-
ster 2018).

Rigorously evaluating the tempo of evolutionary 
change, particularly in deep time, is generally challeng-
ing and requires either a robust fossil record with excellent 
age control or an equally robust phylogenetic framework 
with molecular clock estimates of divergence times (Erwin 
2006). Of course, all of these would be even more useful. 
In a general sense, the influence of collectivity on tempo 
of evolutionary change is currently difficult to evaluate. 
The one area in which this may not be true is for aspects 
of social cooperation, particularly where cultural evolu-
tion has evolved. By introducing an additional dynamic, 
the rate of some aspects of evolution may have increased.

Thus, collectivity is associated with changes in tempo 
and mode and there are circumstantial reasons to believe 
that it could increase rates of evolutionary change where 
there is a direct fitness effect, for example, in niche construc-
tion, the pangenome and in regulatory networks (whether 
developmental, ecological or social). This correlation leaves 
unresolved whether increased collectivity itself drove the 
increased rates of change, or whether it was a consequence 
of evolutionary success due to other factors will require 
more fine-grained and specific studies.

Discussion and conclusions

The brief survey here suggests that collectivity, both in 
aggregate and in collectives, has increased in frequency 
and diversity through the history of life, even leaving aside 
contributions from a highly encephalized ape over the past 
million years. Certain aspects of evolution such as the new 
evolutionary individuals constructed during METs appear 
to have had significant impacts on the extent of collective 
activity. More intriguingly, there is also suggestive evidence 
from developmental GRNs, and particularly from work on 
neural circuits, that the topology of such networks may influ-
ence the possibilities for subsequent evolutionary change.

In this contribution, I have used the terms ‘collective 
information processing’ and ‘collectivity’ to encompass a 
wide range of organismal activities, but the focus of this 
special issue (and the meeting from which these papers 
originated) was more narrowly focused on collective 
computation. Inferring that the processes described here 
reflect collective computation raises a number of issues. 
Most importantly perhaps is whether we can attribute such 
activities in the deep past to computation on the basis of 
comparison to experimental studies of living taxa. Paleo-
biologists have generally steered clear of invoking fitness 
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differences, for example, because it is rarely possible to 
rigorously asses such differences in deep time. Hence, in 
examining the macroevolutionary dynamics of niche con-
struct and ecosystem engineering, I have largely used the 
latter term (Erwin 2008). Beyond this, the term ‘collective 
computation’ naturally raises the question of just what the 
various processes discussed here actually ‘compute.’ One 
could consider developmental GRNs to be computing organ-
ismal phenotype and social circuits to be computing behav-
ior, for example. I prefer to view computation as a metaphor, 
however, as it is unclear that any of the cases described here 
actually involve algorithmic computation. There are many 
biological processes, including some described here, which 
can be modeled as computation: GRNs have been effectively 
modeled as both Boolean networks (Bolouri and Davidson 
2002; Peter and Davidson 2011) and by differential equa-
tions. Each approach captures something of the behavior 
of gene regulatory networks and is useful in addressing dif-
ferent questions. That computational algorithms provide 
informative models does not mean, however, that these 
systems here are computing algorithmically. This may not 
matter, however, if the metaphor of collective computation 
helps articulate a research program into important aspects 
of the history of life.

Flack (2017a) has argued that increased understanding 
of the role of collective computation in biology will help in 
identifying laws or generalities. Over the past decade paleo-
biologists, other evolutionary biologists and philosophers of 
biology have been engaged in a spirited debate over the rela-
tive significance of deterministic versus contingent aspects 
of the history of life, with the former arguing that evolu-
tionary trajectories and outcomes have been more limited 
than might otherwise seem apparent (Conway Morris 2010; 
Erwin 2016; McGhee 2011, 2016). Investigations of collec-
tive computation provide an interesting window into this 
debate. Recall Tosches’ conclusion that the topology of neu-
ral networks influenced permitted pathways of subsequent 
change. This is likely to be true of GRNs more generally 
and possibly other aspects of the regulatory genome, and 
this could be one avenue constraining phenotypic evolution. 
Whether this could also be true of the many other networks 
involved in collective computation is unknown at this point, 
but certainly greater appreciation of the tempos and modes 
of collective computation may also help in adjudicating 
the relative contributions of deterministic and contingent 
processes.
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