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While there is no consensus about the definition of complexity,
it is widely accepted that the ability to produce uncertainty
is the most prominent characteristic of complex systems.
We introduce new metrics that purport to quantify the
complexity of living organisms and social organizations
based on their levels of uncertainty. We consider three major
dimensions regarding complexity: diversity based on the
number of system elements and the number of categories of
these elements; flexibility which bears upon variations in
the elements; and combinability which refers to the patterns
of connection between elements. These three dimensions are
quantified using Shannon’s uncertainty formula, and they
can be integrated to provide a tripartite complexity index.
We provide a calculation example that illustrates the use of
these indices for comparing the complexity of different social
systems. These indices distinguish themselves by a theoretical
basis grounded on the amount of uncertainty, and the
requirement that several aspects of the systems be accounted
for to compare their degree of complexity. We expect that
these new complexity indices will encourage research
programmes aiming to compare the complexity levels of
systems belonging to different realms.

1. Introduction
Electronic supplementary material is available
online at https://doi.org/10.6084/m9.figshare.c.
5330180.

Understanding complexity has become a major issue in biological
and social sciences as well as in other research fields. A central
question bears upon the forces that would drive biological and
cultural evolution towards increasing states of complexity [1–11].
© 2021 The Authors. Published by the Royal Society under the terms of the Creative
Commons Attribution License http://creativecommons.org/licenses/by/4.0/, which permits
unrestricted use, provided the original author and source are credited.

In information theory, algorithmic complexity captures the link between complexity and uncertainty in
terms of compressibility: it states that the complexity of a system is equal to the size of the minimal
computational resources required to generate this system [24]. It should be noted that complete
randomness also corresponds to minimal uncertainty, so complexity is intermediate between a
random sequence and a perfectly orderly one as mentioned above [19,25]. However, living organisms
and social organizations never exhibit complete disorder.
As algorithmic complexity cannot be computed, Shannon’s entropy formula is generally used instead
to measure the uncertainty regarding the outcome of a random variable associated with a given
probability distribution [26]. This introduces the concept of information entropy, a value quantifying
the information as well as the degree of predictability of the information, which links information and
complexity:
H¼

S
X

pi log pi :

ð2:1Þ

i¼1

H is Shannon’s entropy (or Shannon’s uncertainty) index, S is the number of possible outcomes of the
variable and pi is the probability of occurrence of each outcome i.
H varies from near zero (lowest diversity when one outcome likely occurs and all other outcomes are
unlikely) to a maximum value of log S (highest diversity when all outcomes are equally probable).
In a system comprising different categories of elements, the Shannon index (H ) quantifies the
unpredictability of the outcomes of a variable. Given its unifying potential, Shannon’s entropy has
been used in various fields and particularly in biology, where it has been applied in innumerable
ways to assess the diversity of living systems. As previously mentioned, however, organisms and
organizations cannot be reduced to the number and distribution of their basic constituents only.
Therefore, focusing the use of Shannon’s entropy metric on the diversity of system elements falls short
of accounting for the whole complexity of biological and cultural systems. To reconcile the measure of
uncertainty with the structure and function of these systems, the calculation of diversity should be
extended to further dimensions of systems.
From the simple statement that a system is a set of elements that are interrelated [27], it follows that
systems are composed of a variable number of elements, but also that the elements themselves can be
variable, and that they can associate in variable patterns. This leads us to consider measures that can
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A number of questions have also been formulated with regard to the role of complexity in the evolution
of living organisms and social organizations: does the stability of ecological communities depend on their
complexity [12]? Do complex social systems need complex communicative signals [13]? Have enhanced
cognitive abilities evolved as a response to the complexity of social life [14]? Does the complexity of
human societies correlate with hierarchical organization [15] or the spread of beliefs in moralizing
gods [16]? Is the gross domestic product of a country explained by its economic complexity [17]?
However, progress on these issues has been slow because empirical research is hindered by the lack of
a well-grounded, operational measure of complexity.
Like beauty or structure, complexity lies in part in the eye of the beholder, somewhere between order
and randomness, which makes it difficult to define in an absolute sense. In dynamical systems, for
example, both periodic and random processes are considered simple, while complex and chaotic
processes lie in between [18]. Looking for the distinctive characteristics of complex systems, it has been
proposed that they feature properties such as high dimensionality, involvement of nonlinear dynamics,
occurrence of feedback loops, lack of central control or emergence of self-organization; even though
these properties appear intuitively sound, as of yet, there is no agreement about them since none of
them constitute a necessary condition for complex systems to arise [19–22]. The situation changes
significantly, however, if we look at the outcomes of systems rather than at the nature of complexity.
Given that the behaviour of complex systems is notoriously difficult to predict, it is widely
acknowledged that the ability to produce uncertainty is their most prominent characteristic [21,23].
Here, we introduce new metrics that purport to quantify the degree of complexity of systems, based
on the amount of uncertainty they can produce, irrespective of any assumptions regarding the nature of
complexity. This should be of interest to all fields concerned with the complexity of biological organisms
and social organizations.

2.1. Diversity index

h¼

H
:
Hmax

ð2:2Þ

Hmax is the maximal value of H, i.e. log S.
To measure h, we need to specify the sample space of a variable of interest, i.e. the set of all possible
outcomes. In the field of genetics, for example, we can consider a sample space based on the different
allelic types and their frequency in a population [40]. For a variable v, we calculate a relative diversity
index hvD using formula (2.2)
P vD
H
 Si¼1
pi log pi
hvD ¼
¼
:
ð2:3Þ
logSvD
Hmax
SvD is the number of categories of a diversity variable v.
Diversity depends on the different variables describing the elements of the system under
consideration. To obtain the diversity index D for the system on a scale of 0–1, regardless of the
number of variables, we calculate the mean of the relative diversity indices of the different variables:
D¼

n
X
1
v¼1

n

hvD :

ð2:4Þ

n is the number of variables.
Note that when the number of hv values is low, a median can be calculated instead of the mean.
Investigators will need to choose whether to calculate the median or the mean depending on their
dataset.

2.2. Flexibility index
While diversity concerns differences between categories of elements, variation can also occur within
categories. Contrary to systems currently envisioned by physics and engineering that are made of
discrete and relatively fixed elements, living organisms and social organizations are composed of
flexible elements and parts. Elements can vary; they are able to shift from one state to another,
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When analysing a system, we have first to specify what the elements of that system are, i.e. its basic units.
These may be cells in the study of organisms, or signals in the study of communication systems, for
instance. According to Shannon, a system is more diverse, the more it contains a greater number of
categories of elements and the more balanced the number of elements is among the categories.
Shannon’s metric of entropy consists of two components called richness and evenness in ecology.
Richness is the number of possible outcomes, i.e. types or categories of a variable. It is a popular
measure of diversity/complexity as it is relatively easy to count cell types in organisms [31], species
in ecological communities [32], signals in animal communication [13,29], structures in languages [28]
or cultural variants in human societies [6,33]. Evenness refers to the heterogeneity of probability of the
different categories composing the richness, whether structural or functional. In other words, evenness
is the distribution law of the probabilities of the different outcomes of the variable (distribution law of
pi). It is the interplay between evenness and richness that can be used to address the diversity of systems.
Early on, the differentiation or specialization of system elements in discrete roles has been recognized
as a clue to complexity [34]. Shannon’s entropy is used to measure the diversity of phenomena as diverse
as ecosystems, social relationships, communication signals or neural networks (e.g. [32,35–38]). The
entropy value was, however, devised to enable the comparison of indices with a different number of
outcomes. It has to be adjusted to compare systems, so we will use the relative index [32,39]
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reflect three major dimensions of system complexity: diversity, flexibility and combinability. Much effort
has been devoted to assessing the diversity of organisms and organizations by measuring the number
and variety of their building blocks [4,6,28–30]. However, diversity is only one component of
complexity and we still lack indices capable of capturing the full extent of complexity. The
measurement of complexity requires that all three dimensions are accounted for. As we develop
below, the measures of diversity, flexibility and combinability will each be calculated using Shannon’s
formula, applying it to different variables in corresponding sample spaces.

F¼

n
X
1
v¼1

n

hvF :

ð2:6Þ

2.3. Combinability index
System elements can interact and associate at different levels, which introduces a further degree of
uncertainty in systems. The nature and amount of connections that occur at the dyadic level, i.e.
within pairs of elements, represent a first source of uncertainty. In the study of animal behaviour, for
instance, it has been proposed to measure the complexity of social groups from the number and
strength of relationships between individuals [29,30,43–45]. Connections can also arise at the triadic
level, i.e. between more than two elements. In some mammals, social competition drives several males
to associate in alliance networks, which generates subgroups of varying size and stability [46,47].
More or less marked cliquishness, compartmentalization or modularity, irrespective of the designation
given to it, is a general property of biological and social systems; it means that they are composed of
multiple subunits that are structurally and/or functionally semi-independent [41]. In modular
organization, subunits are arranged in parallel, as for cell organelles or segmented body parts. In
hierarchical organization, subunits are arranged in nested levels where larger parts are composed of
smaller parts, as for organisms, organs, cells, organelles and molecules.
Counting the number of connections, modular parts or nested levels are employed to estimate
complexity both in biological and social sciences [4,5,11,15,43]. However, such methods based on
separated counts remain limited. Even relatively simple systems such as bird songs can be highly
combinatorial: groups of notes form syllables which are themselves assembled into phrases that are
then grouped into songs, and these different subunits can appear in various combinations at multiple
levels [48]. Instead of separately quantifying connectedness, modularity and nestedness, we may
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SvF is the number of categories of a flexibility variable v.
The flexibility index F of the system is the mean of the relative flexibility indices of the different
variables
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meaning there are variations of the elements of the system under different conditions. It can be also that
there is continuous variation between the elements of a system, meaning that categories intergrade and
that one element can belong to different categories. Flexibility, variability or plasticity, whatever it is
called, increases the unpredictability of systems, allowing them to explore possible functional abilities
and respond to changing environments, which has a clear adaptive value [19,41].
To calculate a flexibility index, we have to specify the variables expressing the flexibility of system
elements, and the sample space for each variable. Possible outcomes should be defined according to
the logic of Shannon’s entropy; for each variable of interest, the construction of a sample space
requires that the distribution of outcome probabilities expresses the uncertainty of the system. Using
the field of phenotypic plasticity, for example, we may illustrate the flexibility in terms of variation of
elements under different conditions, choosing a sample space based on the proportion of different
phenotypes in a population; some butterflies show two discrete seasonal phenotypes, dry-season and
wet-season phenotypes [41], and, therefore, we can define a sample space based on both phenotypes
as possible outcomes, which corresponds to possible switches from one phenotype to another. Note
that we can also estimate continuous variations in a given butterfly phenotype by transforming
measures like wing length and body size by cluster analysis. Specifically, we can construct categories
of morphologically similar individuals considering a continuum between these categories, using, for
instance, a cluster analysis based on soft assignment [42]. Entropy can be calculated because soft
clustering algorithm gives for each element its probabilities of belonging to the different discrete
categories. The more evenly the probabilities are distributed among the different discrete categories,
the higher the degree of gradation among morphologically similar butterfly categories. It is, therefore,
possible to use continuous variables and to calculate an index based on entropy, which makes it
possible to apprehend the continuous nature of the system.
For the variable v, we calculate a relative flexibility index hvF using formula (2.2), then a relative
flexibility index similar to the relative diversity index (2.3)
P vF
H
 Si¼1
pi log pi
hvF ¼
¼
:
ð2:5Þ
logSvF
Hmax

C¼

n
X
1
v¼1

n

hvC :

ð2:8Þ

2.4. Complexity index
A complexity index K of a given system can be drawn from its diversity, flexibility and combinability.
Since the three dimension indices D, F and C are independently measured entropies (formulae 2.4,
2.6, 2.8), we can calculate K by summing these three indices. If we have no assumptions about the
relative importance of the three dimensions, we can assign equal weight to the three indices
K ¼ D þ F þ C:

ð2:9Þ

2.5. A calculation example
To illustrate the calculation of indices, we take an example from the comparative study of social systems
in macaque monkeys. All macaques live in groups containing both adult males and adult females with
offspring, but they display wide interspecific variation in their social relationships [50]. Some are
characterized by strong social intolerance, meaning that they display a steep gradient of dominance
coupled with conspicuous submission signals and a strong preference for kin partners. Other species
show higher levels of tolerance, which correspond to moderate power asymmetries, a high propensity
to regulate conflicts through affiliative behaviours, and a relatively low degree of preference for kin. It
appears that strong social tolerance provides individuals with large degrees of freedom in social
interactions and relations, whereas weak tolerance lends more weight to the influence of social status
on individual behaviours, with presumably more predictable outcomes (see [50,51]). To illustrate how
the correlation between complexity and tolerance can be evaluated in macaque social organization, we
calculated the complexity indices of the social system in two species of contrasting social relationships:
tolerant Tonkean macaques (Macaca tonkeana) and intolerant rhesus macaques (Macaca mulatta). It
should be noted that the data needed to calculate the indices are still scarce, so the variables selected
were those for which the necessary information was available.

2.5.1 Diversity
Diversity concerns the characteristics of the elements that make up a system and by which these elements
can be described. Here, the elements are individuals, they can be described by their age and sex, as these
two factors lead to social groups containing several demographic categories with different behaviours
and statuses. The more balanced the proportions of the demographic categories are, the greater the
uncertainty about the category of individual a given individual may interact with. Therefore,
demographic categories can be used as possible outcomes to assess social diversity (see [50]). Based
on field data in each species of macaque, we assigned individuals to three age-and-sex categories:
adult males, adult females and immatures (electronic supplementary material). Calculating relative
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SvC is the number of categories of a combinability variable v.
The combinability index C of the system is the mean of the relative combinability indices of the
different variables
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consider complex systems as sets of subunits which can vary in their degree of dissociation and
differentiation, as well as in the interactions that link the units composing them.
To measure h, we need to specify the different variables expressing the patterns of interaction and
association between the system elements. Take, for example, the study of protein interactomes [49]. To
deal with the networks of protein–protein interactions, we may choose sample spaces based on
proteins or groups of proteins, then consider the distribution of connections. The more evenly
distributed the connections are, the greater the uncertainty in protein–protein interactions. For each
variable v, we calculate a relative combinability index hvC using formula (2.2), then a relative
combinability index similar to the relative diversity index (2.3)
P vC
H
 Si¼1
pi log pi
hvC ¼
¼
:
ð2:7Þ
logSvC
Hmax

2.5.2. Flexibility

2.5.3. Combinability
Combinability refers to the connections between the elements of a system. Since the elements of a social
system are individuals, combinability concerns patterns of interactions and relationships between
individuals. We estimated the uncertainty stemming from relationships between group members
based on two kinds of social interactions. We used the distribution of social grooming among
individuals at rest to assess the degree of subdivision of the group into subgroups (i.e. modules) as a
function of kinship ties; and we used social conflicts by distinguishing between unidirectional
conflicts (i.e. including a winner and a loser) and bidirectional conflicts (i.e. both opponents threaten
or attack each other, without producing a clear winner) to assess the degree of uncertainty in the
outcomes of the interactions. Grooming interactions can be exchanged between close kin partners or
non-close kin partners. We reasoned that strong kinship ties may be used to reliably know which are
the most frequent partners—corresponding to relatively closed clusters of related partners—whereas
weaker ties make the partner choice less predictable, with less recognizable clusters of related
partners. This led to a sample space where the less kin-biased the partner choices, the greater their
uncertainty. We calculated the relative combinability indices and obtained hvC = 0.548 and 0.983 in
rhesus and Tonkean macaques, respectively (electronic supplementary material). With regard to social
conflicts, the sample space was defined by the proportion of aggression displayed by each opponent
in pairs of individuals, where the uncertainty was higher when both opponents displayed similar
rates of aggression. For the relative combinability indices, we obtained hvC = 0.229 and 0.881 in rhesus
and Tonkean macaques, respectively (electronic supplementary material). Lastly, we calculated the
combinability index C in each species as the mean of relative combinability indices: rhesus macaques
C = 0.389, Tonkean macaques C = 0.932.

2.5.4. Complexity
By summing (2.9) the three indices D, F and C measured in each species, we obtained the following
values for the complexity index K: 1.76 for rhesus macaques and 2.54 for Tonkean macaques. This
result is consistent with the hypothesis that system complexity increases with social tolerance among
macaques. However, the bulk of the effect comes from the difference in the combinability index
(figure 1). In addition, any conclusion on overall complexity would be affected by the relative weights
that could be assigned to each of the three indices.

R. Soc. Open Sci. 8: 200895

Flexibility is about how elements can vary. In social systems, the elements are individuals, and their
behaviour may vary according to social situations. We can use Shannon’s entropy to quantify
behavioural variations in individuals [29,52]. Comparative data are available in macaques for two kinds
of social events: in the reconciliation that follows conflicts and involves different behaviour patterns (i.e.
one social context, different behaviours), and in the occurrence of a specific facial expression, the baredteeth display, which is observed in different social contexts (i.e. one behaviour, different contexts;
electronic supplementary material). With regard to reconciliation, we differentiated between four
categories of behaviours (body contact, vocal signal, facial expression, gesture). Behaviours that occur in
many contexts indicate a higher degree of freedom regarding the expression of behaviours by
individuals, i.e. flexibility. The sample space was defined by the proportions of behaviour occurrences:
the larger the number of behaviours simultaneously occurring in a reconciliation, the higher the
uncertainty of the social encounter. We calculated the relative flexibility indices, and obtained hvF = 0.560
and 0.615 in rhesus and Tonkean macaques, respectively (electronic supplementary material). With
regard to the bared-teeth display, the sample space was composed of five social contexts (affiliation, play,
mating, submissive response to aggression, spontaneous submission) as outcomes: the larger the number
of contexts of occurrence for this facial expression, the higher the uncertainty. For the relative flexibility
indices, we obtained hvF = 0.394 and 0.633 in rhesus and Tonkean macaques, respectively (electronic
supplementary material). Lastly, we calculated the flexibility index F in each species as the mean of the
relative flexibility indices: rhesus macaques F = 0.477, Tonkean macaques F = 0.624.
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diversity indices, we obtained hvD = 0.890 and 0.979 in rhesus and Tonkean macaques, respectively
(electronic supplementary material). We used a single variable to estimate the diversity of macaque
social systems, so the diversity index D was equal to hvD in each species.

diversity
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Figure 1. Radar plot comparing indices in rhesus (dark grey) and Tonkean macaques (light grey). Each spoke represents an index.
The plot reads from the centre outward along each spoke. Scores are shown on concentric triangles beginning at 0 (centre) and
increasing to 1 (outer triangle). We can see from the figure the relative contribution of each index to the discrepancy found between
species regarding the complexity of their social systems.
It should be noted that we have used the example of macaque social systems to describe the
calculation of the complexity index, but data from a higher number of species would be necessary to
test whether the indices measured in different kinds of species are statistically different. Moreover, the
calculation depends on the variables chosen, so that the collection of data on a much larger number
of variables would be necessary to obtain representative indices. The variables and the corresponding
sample spaces must be carefully selected, and we provide guidelines on this in the electronic
supplementary material.

3. Discussion
Research has long focused on single features of complexity rather than acknowledging its
multidimensional nature [12,22,29,53]. Diversity, flexibility and combinability each capture a part of
complexity. By integrating their measurements, we may also encompass the whole complexity of
biological and cultural systems. These indices based on Shannon’s uncertainty differ from previous
measurements by several aspects.
First, we do not make direct use of the number of parts of a system to estimate complexity. Common
sense considers a large number of elements as a main characteristic of complex systems, but the number
of basic components of a system is a rather crude proxy. Few people would use the number of cells to
compare the complexity of a fly with those of large sponge, and it is well known that the variation in
the genome size among organisms does not have simple relationships with the number of coding
genes or levels of phenotypic organization [3,54]. Another example comes from testing the hypothesis
that an increase in social complexity drove the evolution of enhanced cognitive abilities through the
evolution of species. After decades of research, the issue has yet to be resolved, due in part to the fact
that social complexity was approximated by the number of individuals per group, and cognitive
performances by brain size [14,22,29].
Since Shannon’s index includes the number of categories, it should be noted that it indirectly takes the
number of elements into account. In the study of societies, for instance, differentiating between familiar
and non-familiar partners has little relevance in small groups, while several categories of familiarity can
be distinguished as the size of the groups increases. More generally, the amount of categories tends to
increase with the number of elements of a system (e.g. [7,10,55]).
The inclusion of flexibility is a second distinctiveness of our proposal. To date, flexibility has been
missing from works aiming to measure complexity. Yet, it is present at all levels of organisms and
organizations; it conditions their adaptation, robustness and reproduction [41]. It is hypothesized, for
example, that flexible social systems have evolved as a response to unpredictable environments in
animals [56]. More generally, living beings are capable of learning, which adds a further layer of
flexibility, the importance of which varies to a considerable extent depending upon the species. It may
also be worth remembering that the ability to learn from others forms the basis upon which cultural
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systems rest and which themselves are rich in changes and innovations [57]. This makes it essential to
account for a significant number of flexibility variables in order to measure the complexity of systems.
Many authors have distinguished between diversity, measured by the number of categories, and
modularity, measured by the number of parts. As these two kinds of variables are often considered
separately, however, the paradox is that they can be one and the same thing. For instance, the number
of cell types in organisms and the number of castes in insect societies may be alternatively counted as
diversity (number of specialized categories) or modularity (number of specialized parts) [4,10,55]. The
issue originates from the definition of the subunits making up a system. Any subunit can be
decomposed into more basic subunits, and, therefore, the decision on which level to focus the analysis
becomes somewhat arbitrary. By requiring that diversity and combinability be taken into account
simultaneously, the tripartite complexity index obliges that a differentiation be made between the
basic components of a system and their number of categories on one side, and the number of
modular parts or nested levels on the other. This is a third characteristic of our proposal. Moreover, it
needs to specify the basic components of the systems under consideration, thereby avoiding confusion
between levels. When studying the complexity of animal communication, for instance, the flexibility of
signals emitted by individuals should not be mixed with the diversity of repertoires which often
applies to populations or species [37,58,59].
The measurement of combinability could be further elaborated. Our index allows for the
directionality of the interaction to be taken into account, as illustrated by the second estimate of
combinability based on social conflict in our calculation example. But two other components can be
taken into account for combinability, namely nestedness and modularity. Nestedness means that the
elements of the system are ordered in hierarchical units, which introduces an additional level of
uncertainty. An index based on the proportion of the different distances in a hierarchy tree
representing the links between system elements could measure this. Modularity means that system
elements are ordered along parallel units. In a network, for example, the more balanced the links
between the units, the greater the uncertainty in the network and, therefore, in the system; on the
other hand, in a system where subgroups are clearly delineated, associations are more predictable and
the network is then considered less uncertain and thus less complex. The network data can, therefore,
be used to calculate an index based on the distribution of connections.
Lastly, our complexity indices go beyond a mere empirical denumbering of parts. Building upon
information theory, they enable the comparison of different systems by explicitly quantifying
complexity levels in terms of uncertainty. It should be emphasized that some systems may differ in
some dimensions and be similar in others, so it may be useful to compare not only systems based on
the tripartite complexity index, but also dimension per dimension. There is still room for
improvement since each complexity dimension may be measured in multiple ways. An index is as
good as the data on which it is based, so it is advisable to measure each dimension by as many
variables as possible. At present, it is difficult to find in the literature the data needed to calculate the
three complexity indices for living organisms and social organizations. Hopefully, the present
proposal will encourage research programmes that aim to measure the variables needed to compare
the complexity levels of systems in both biological and social fields.

10.

12.

13.

15.

16.

17.

18.
19.
20.

21.

22.

23.

24.

25.

26.

27.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

Nettle D. 2012 Social scale and structural
complexity in human languages. Phil. Trans. R.
Soc. B 367, 1829–1836. (doi:10.1098/rstb.
2011.0216)
Peckre L, Kappeler PM, Fichtel C. 2019 Clarifying
and expanding the social complexity hypothesis
for communicative complexity. Behav. Ecol.
Sociobiol. 73, 11. (doi:10.1007/s00265-0182605-4)
Morrison RE, Eckardt W, Stoinski TS, Brent LJN.
2020 Comparing measures of social complexity:
larger mountain gorilla groups do not have a
greater diversity of relationships. Proc. R. Soc. B
287, 20201026. (doi:10.1098/rspb.2020.1026)
Valentine JW, Collins AG, Meyer CP. 1994
Morphological complexity increase in
metazoans. Paleobiology 20, 131–142. (doi:10.
1017/S0094837300012641)
Peet RK. 1974 The measurement of species
diversity. Annu. Rev. Ecol. Syst. 5, 285–307.
(doi:10.1146/annurev.es.05.110174.001441)
Romano V, Lozano S, Fernández-López de Pablo
J. 2020 A multilevel analytical framework for
studying cultural evolution in prehistoric
hunter–gatherer societies. Biol. Rev. 95,
1020–1035. (doi:10.1111/brv.12599)
Limoges C. 1994 Milne-Edwards, Darwin,
Durkheim and the division of labour: a case
study in reciprocal conceptual exchanges
between the social and the natural sciences. In
The natural sciences and the social sciences:
some critical and historical perspectives (ed. IB
Cohen), pp. 317–343. Dordrecht, The
Netherlands: Kluwer Academic Publishers.
Borst A, Theunissen FE. 1999 Information theory
and neural coding. Nat. Neurosci. 2, 947–957.
(doi:10.1038/14731)
Eagle N, Macy M, Claxton R. 2010 Network
diversity and economic development. Science
328, 1029–1031. (doi:10.1126/science.1186605)
Bouchet H, Blois-Heulin C, Lemasson A. 2013
Social complexity parallels vocal complexity: a
comparison of three non-human primate
species. Front. Psychol. 4, 390. (doi:10.3389/
fpsyg.2013.00390)
Ramos-Fernandez G et al. 2018 Quantifying
uncertainty due to fission–fusion dynamics as a
component of social complexity. Proc. R. Soc. B
285, 20180532. (doi:10.1098/rspb.2018.0532)
Pielou EC. 1969 An introduction to mathematical
ecology. New York, NY: Wiley-Interscience.
Sherwin WB. 2010 Entropy and information
approaches to genetic diversity and its
expression: genomic geography. Entropy 12,
1765–1798. (doi:10.3390/e12071765)
West-Eberhard MJ. 2003 Developmental
plasticity and evolution. Oxford, UK: Oxford
University Press.
McNicholas PD. 2016 Model-based clustering.
J. Classif. 33, 331–373. (doi:10.1007/s00357016-9211-9)
Bergman TJ, Beehner JC. 2015 Measuring social
complexity. Anim. Behav. 103, 203–209.
(doi:10.1016/j.anbehav.2015.02.018)
Fischer J, Farnworth MS, Sennhenn-Reulen H,
Hammerschmidt K. 2017 Quantifying social

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

complexity. Anim. Behav. 130, 57–66. (doi:10.
1016/j.anbehav.2017.06.003)
Weiss MN, Franks DW, Croft DP. 2019 Measuring
the complexity of social associations using
mixture models. Behav. Ecol. Sociobiol. 73, 8.
(doi:10.1007/s00265-018-2603-6)
Connor RC. 2007 Dolphin social intelligence:
complex alliance relationships in bottlenose
dolphins and a consideration of selective
environments for extreme brain size evolution in
mammals. Phil. Trans. R. Soc. B 362, 587–602.
(doi:10.1098/rstb.2006.1997)
Patzelt A, Kopp GH, Ndao I, Kalbitzer U, Zinner
D, Fischer J. 2014 Male tolerance and male–
male bonds in a multilevel primate society.
Proc. Natl Acad. Sci. USA 111, 14 740–14 745.
(doi:10.1073/pnas.1405811111)
Marler P, Slabbekoorn H. 2004 Nature‘s music:
the science of birdsong. San Diego, CA: Elsevier
Academic Press.
Zitnik M, Sosič R, Feldman MW, Leskovec J.
2019 Evolution of resilience in protein
interactomes across the tree of life. Proc. Natl
Acad. Sci. USA 116, 4426–4433. (doi:10.1073/
pnas.1818013116)
Thierry B. 2007 Unity in diversity: lessons from
macaque societies. Evol. Anthropol. 16,
224–238. (doi:10.1002/evan.20147)
Duboscq J, Neumann C, Agil M, PerwitasariFarajallah D, Thierry B, Engelhardt A. 2017
Degrees of freedom in social bonds of crested
macaque females. Anim. Behav. 123, 411–426.
(doi:10.1016/j.anbehav.2016.11.010)
Freeberg TM. 2006 Social complexity can drive vocal
complexity: group size influences vocal information
in Carolina chickadees. Psychol. Sci. 17, 557–561.
(doi:10.1111/j.1467-9280.2006.01743.x)
Pollard KA, Blumstein DT. 2012 Evolving
communicative complexity: insights from
rodents and beyond. Phil. Trans. R. Soc. B 367,
1869–1878. (doi:10.1098/rstb.2011.0221)
Gregory TR. 2001 Coincidence, coevolution, or
causation? DNA content, cell size, and the Cvalue enigma. Biol. Rev. 76, 65–101. (doi:10.
1017/S1464793100005595)
Bell G, Mooers AO. 1997 Size and complexity
among multicellular organisms. Biol. J. Linn.
Soc. 60, 345–363. (doi:10.1111/j.1095-8312.
1997.tb01500.x)
Schradin C, Hayes ND, Pillay N, Bertelsmeier C.
2018 The evolution of intraspecific variation in
social organization. Ethology 124, 527–536.
(doi:10.1111/eth.12752)
Laland K. 2017 Darwin’s unfinished symphony:
how culture made the human mind. Princeton,
NJ: Princeton University Press.
Blumstein DT, Armitage KB. 1997 Does sociality
drive the evolution of communicative
complexity? A comparative test with grounddwelling sciurid alarm calls. Am. Nat. 150,
189–200. (doi:10.1086/286062)
Gustison ML, le Roux A, Bergman TJ. 2012
Derived vocalizations of geladas (Theropithecus
gelada) and the evolution of vocal complexity in
primates. Phil. Trans. R. Soc. B 367, 1847–1859.
(doi:10.1098/rstb.2011.0218)

9

R. Soc. Open Sci. 8: 200895

14.

28.

royalsocietypublishing.org/journal/rsos

11.

Ferguson-Gow H, Sumner S, Bourke AFG, Jones
KE. 2014 Colony size predicts division of labour
in attine ants. Proc. R. Soc. B 281, 20141411.
(doi:10.1098/rspb.2014.1411)
Corning PA, Szathmáry E. 2015 ‘Synergistic
selection’: a Darwinian frame for the evolution
of complexity. J. Theor. Biol. 371, 45–58.
(doi:10.1016/j.jtbi.2015.02.002)
Feng W, Bailey RM. 2018 Unifying relationships
between complexity and stability in mutualistic
ecological communities. J. Theor. Biol. 429,
100–126. (doi:10.1016/j.jtbi.2017.11.026)
Freeberg TM, Dunbar RIM, Ord TJ. 2012
Social complexity as a proximate and ultimate
factor in communicative complexity. Phil. Trans.
R. Soc. B 367, 1785–1801. (doi:10.1098/rstb.
2011.0213)
Powell LE, Isler K, Barton RA. 2017 Reevaluating the link between brain size and
behavioural ecology in primates. Proc. R. Soc. B
284, 20171765. (doi:10.1098/rspb.2017.1765)
Turchin P et al. 2017 Quantitative historical
analysis uncovers a single dimension of
complexity that structures global variation in
human social organization. Proc. Natl. Acad. Sci.
USA 115, E144–E151. (doi:10.1073/pnas.
1708800115)
Whitehouse H et al. 2009 Complex societies
precede moralizing gods throughout world
history. Nature 568, 226–229. (doi:10.1038/
s41586-019-1043-4)
Hidalgo CA, Hausmann R. 2009 The building
blocks of economic complexity. Proc. Natl Acad.
Sci. USA 106, 10– 570–10 575. (doi:10.1073/
pnas.0900943106)
Adami C. 2002 What is complexity? Bioessays
24, 1085–1094. (doi:10.1002/bies.10192)
Page SE. 2011 Complexity and diversity.
Princeton, NJ: Princeton University Press.
Ladyman J, Lambert J, Wiesner K. 2013 What is
a complex system? Eur. J. Philos. Sci. 3, 33–67.
(doi:10.1007/s13194-012-0056-8)
Schuster P. 2016 How complexity originates:
examples from history reveal additional roots to
complexity. Complexity 21(S2), 7–12. (doi:10.
1002/cplx.21841)
Kappeler PM. 2019 A framework for studying
social complexity. Behav. Ecol. Sociobiol. 73, 13.
(doi:10.1007/s00265-018-2601-8)
McDaniel RR, Driebe DJ (eds). 2005 Uncertainty
and surprise in complex systems. Berlin,
Germany: Springer.
Chaitin GJ. 2003 Randomness and mathematical
proof. In From complexity to life: on the
emergence of life and meaning (ed. NH
Gregersen), pp. 19–33. Oxford, UK: Oxford
University Press.
Bennett CH. 1990 How to define complexity in
physics, and why. In Complexity, entropy, and
the physics of information (ed. WH Zurek),
pp. 137–148. Boulder, CO: Westview Press.
Shannon CE, Weaver W. 1949 The mathematical
theory of communication. Urbana, IL: University
of Illinois Press.
von Bertalanffy L. 1968 General system theory.
New York, NY: George Braziller.

